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THE  CONSTRUCTION    OF  A  SENSITIVE    GAEVANOM- 
ETER  FOR  SPECTRO-BOLOMETRIC  PURPOSES. 

By  C.  G.  Abbot.' 
Since  i8g6  the  galvanometers  used  for  holographic  purposes 
at  the  Smithsonian  Astrophysical  Observatory  have  been  more 
or  less  improved  every  year  at  the  hands  of  the  Observatory  staff, 
with  the  encouragement  and  approval  of  the  director,  Secretary 
Langley,  who  has  so  kindly  introduced  this  paper,  which  is  a 
description  of  the  results  so  far  reached.  For  holographic  pur 
poses  reflecting  galvanometers  of  low  resistance  and  comparatively 
short  time  of  swing  are  best  suited.  Solar-energy  spectra  are  now 
being  taken  at  the  Smithsonian  Observatory  with  a  galvanometer 
of  1.6  ohms  resistance,  usually  employed  at  \yi  seconds  time  of 
single  swing  of  the  needle  ;  though  for  certain  very  delicate 
experiments  the  time  of  single  swing  is  sometimes  as  high  as  10 
seconds.  It  may  then  be  said  that  it  is  aimed  to  measure  the 
least  possible  current  with  a  galvanometer  of  1.6  ohms  resistance 
at   10  seconds  single  swing  of  the   needle.      It  is  well  to  make 

'A  paper  read  before  Section  B  of  the  American  Association  for  the  Advance- 
ment of  Science,  December  30,  1902,  after  introductory  remarks  by  S.  P.  Langley,  Sec- 
retary of  the  Smithsonian  Institution.     It  is  here  published  with  his  permission. 
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here  a  distinction  between  computed  sensibility  and  working  sen- 
sitiveness, for  it  may  happen  that  an  instrument  of  less  computed 
sensitiveness  is  capable  of  measuring  smaller  currents  than 
another  whose  high  figure  of  sensibilitj'  is  overbalanced  by- 
unsteadiness  of  its  needle  system.  This  consideration  leads  me 
to  suggest  that  possibly  it  might  be  fairer  to  compare  galva- 
nometers on  a  basis  of  the  least  current  which  can  be  read  with 
them,  or  at  least  to  give  this  in  addition  to  the  usual  statement 
of  computed  sensibilit)-. 

In  common  with  other  laboratories,  the  Smithsonian  Observa- 
tory has  greatly  profited  by  the  introduction  of  Professor  Boys' 
quartz  fibers  and  by  diminishing  the  size  of  the  needle  system  and 
mirror  of  the  galvanometer.  These  improvements  were  intro- 
duced about  1893  in  the  galvanometer  described  by  Mr.  Wads- 
worth'  and  used  for  bolographic  purposes  up  to  the  autumn  of 
1896.= 

In  September  1896  the  Observatory  was  visited  by  Professor 
Kayser,  of  Bonn,  who  expressed  the  belief  that  a  galvanometer 
of  considerably  greater  sensitiveness  might  be  employed.  He 
referred  especially  to  the  excellent  instrument  of  Paschen,  and 
to  a  galvanometer  which  he  had  seen  at  Baltimore,  of  some- 
what similar  design  to  Paschen's.  Acting  upon  this  suggestion, 
Mr.  Langley  addressed  a  letter  of  inquiry  to  Professor  Paschen, 
and  he  was  so  good  as  to  send  in  reply  quite  an  account  of  his 
instrument.  I  also  went  to  Baltimore  and  saw  the  galvanometer 
being  set  up  by  Messrs.  Mendenhall  and  Saunders.  These 
instruments  seemed  to  gain  in  sensitiveness  chiefly  by  diminish- 
ing the  dimensions  of  the  needle  system,  and  as  an  aid  to  this 
the  dimensions  of  the  coils  were  also  small. 

Beginning  with  the  autumn  of  1896  experimental  and  theo- 
retical work  has  gone  on  in  the  Smithsonian  Observatory  at  fre- 
quent   intervals,   with    the    object   of    improvement    in    all    the 

■  /'/;//.  Mag.,  38,  553-558.  1894. 

'As  last  employed  with  a  needle  system  of  31  milligrams  weight,  constructed 
by  the  writer,  this  instrument  of  about  20  ohms  resistance  gave  a  deflection  of  I  milli- 
meter on  a  scale  at  I  meter  with  a  current  of  6x10"'°  amperes  when  the  time  of  single 
swing  was  4  seconds.  At  this  time  of  swing  the  needle  was  ideally  steady,  so  that 
deflections  of  0.1  millimeter  could  readily  be  observed. 
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branches  of  galvanometer  construction,  including  the  coils,  the 
needle  system,  the  case,  and  the  accessories.  In  what  follows 
the  principal  results  of  this  study  will  be  stated. 

THE    COILS. 

Best  resistance. — The  bolometric  circuit  with  which  the  galva- 
nometer is  connected,  consists,  as  is  well  known,  of  a  balanced 
Wheatstone's  bridge.  In  our  practice  one  of  the  four  resistances 
of  this  bridge  is  a  fine  flattened  platinum  wire  subjected  to  changes 
of  temperature  through  the  absorption  of  radiation.  For  the 
sake  of  symmetry  a  second  one  of  the  four  resistances  is  a  simi- 
lar strip  of  platinum  close  to  the  first,  but  protected  from  radia- 
tion by  means  of  diaphragms.  The  other  two  resistances  are 
coils  of  platinoid  wire.  The  battery  is  connected  between  the 
junction  of  the  two  coils  and  the  junction  of  the  two  strips,  while 
the  galvanometer  is  connected  between  the  junction  of  one  strip 
with  one  coil  and  the  other  corresponding  point.  It  is  shown  in 
the  Annals  of  the  Astrophysical  Observatory  of  the  Smithsonian  Insti- 
tution, Vol.  I,  p.  246,  that  the  condition  of  maximum  galvanom- 
eter deflection  requires  the  resistance  of  the  two  coils  to  be 
large  in  comparison  with  the  strips. 

Let  a   and  (a -\ — I  be  the  resistances  of  the  two  bolometer 
\         '"I 

strips;  (m  being  a  large  number);  na  the  resistance  of  each  bal- 
ancing coil ;  G  the  resistance  of  the  galvanometer  ;  C  the  current 
in  the  bolometer  strip  whose  resistance  is  a;  g  the  current  flow- 
ing through  the  galvanometer  ;  A  the  deflection  of  the  galva- 
nometer, and  k  a  constant. 

Then 

C  I 


2  + 


Gil  +/A  .  (i) 


?m 


When,  as*with  the  coils  shortly  to  be  described, 

A  =  kgG"-*^  ,  (2) 

we  have  by  substitution 


2  + 


G(i  +  n\.  (3) 


fC-^) 
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In  this  expression  A  is  a  maximum   with   respect  to  «  when 
n  IS  infinitely  great,  and  with  respect  to  G  when 


m?- 


1.64 


If  71  is  large,  this  becomes  approximately 


G 

—  =  1.64 


(4) 


(S) 


The    two    following   tables    indicate    how    much    is    lost    by 
departure  from  these  conditions  of  maximum  deflection  : 


n 

X 

I 

2 

~i      r~ 

oc 

A 

44 

71 

82 

87     89 

'    100 

('v-")? 


0.0164 


0.164 


0.82 


95 


1.64 


•28         16.4 


94 


56 


164 


18 


It  appears  that  the  conditions  of  maximum  sensitiveness  of 
the  bolometric  circuit  as  used  here  are  closely  approximated 
when  the  balancing  coils  are  upward  of  four  times  the  resistance 
of  the  bolometer  strips,  and  the  galvanometer  resistance  is  not 
less  than  s.x-tenths,  or  more  than  four  times  the  resistance  of 
the  bolometer  strip. 

At  the  Smithsonian  Observatory  best  results  have  been 
obtamed  w.th  bolometers  of  comparatively  low  resistance,  for 
unless  in  an  air-tight  case,  very  thin  strips  are  much  affected  by 
air-currents,  so  that  a  perpetual  tremor  of  the  galvanometer  \s 
observed  when  there  is  moderate  wind.  At  present  a  bolometer 
with  strips  of  4  ohms  resistance  is  chiefly  employed,  but  occa- 
sionally a  wide  bolometer  of  only  0.8  ohms  resistance  is  substi- 
tuted. Accordingly  a  galvanometer  of  from  2  to  3  ohms  resist- 
ance would  be  most  serviceable,  but  the  actual  resistance  of  the 
galvanometers  now  in  use  is  1.6  ohms. 

A  four-coil  galvanometer  of  a  given  total  resistance  G,  may 
have  its  separate  coils  of  resistance  4^.  G,  or  | ,  according  to 
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the  manner  in  which  the)-  are  connected  ;  and  for  coils  whose 
force  at  the  center  varies  with  the  0.45  power  of  the  resistance, 
the  relative  efficiency'  of  these  three  ways  of  producing  the  total 
resistance  G  is  in  the  ratio  of  the  numbers  87,  93,  and  100. 
Thus  it  appears  that  the  resistance  of  a  four-coil  galvanometer 
may  be  varied  in  three  steps  from  i  to  16  without  greatly  alter- 
ing its  efficiency.  Again  a  galvanometer  of  a  given  resistance 
may  be  made  by  connecting  in  series  twc,  four,  eight,  sixteen, 
or  even  more  such  coils.  The  efficiency  of  these  several  arrange- 
ments of  the  given  resistance,  so  far  as  the  force  at  the  center 
of  the  coils  is  concerned,  is  in  the  ratio  of  the  numbers  100,  68, 
49,  32.  There  is  a  slight  compensation  for  this  diminution  of 
efficiency  as  the  coils  get  smaller,  arising  from  the  greater  effect 
of  the  outer  windings  of  each  coil  upon  the  magnets  at  the  center 
of  its  neighbor,  but  the  only  considerations  which  warrant  a 
multiplication  of  coils  are  some  which  concern  the  efficiency  of 
the  magnet  system. 

Best  form  of  coils. —  Maxwell'  has  shown  that  the  contour  of 
the  cross-section  of  the  coil  should  be  of  the  form  determined 
by  the  equation 

r'=H''%\ne  ,  (6) 

where  r  is  the  length  of  a  radius  making  the  angle  9  with  the 
axis  of  the  coil,  and  //the  value  of  r  when  ^==90°.  Although 
the  efficiency  of  the  winding  is  not  very  greatly  impaired  by 
considerable  variations  from  the  best  form  of  coil  section,  it  is  so 
easy  to  follow  it  closely  that  this  form  has  always  been  employed 
here.  In  order  to  leave  room  for  the'needle  system,  a  space  is 
left  unwound  at  the  center  and  front  of  each  coil  as  indicated  by 
dotted  lines  in  the  accompanying  diagram  (Fig.  l). 

Best  sizes  of  wire. —  The  reader  is  referred  to  Annals  of  the 
Astrophysical  Observatory  of  the  Smithsoniati  Institutio?i,  Vol.  I,  p. 
248,  for  the  derivation  of  equations  required  to  determine  the 
radius  of  a  coil  of  the  above  form  containing  a  given  length  of 
wire  of  a  given  diameter  and  gain  of  diameter  by  insulation,  and 
the  force  such  a  coil  exerts  at  its  center.     Maxwell  has  shown" 

'  .Maxwell,  Electricity  and  Magnetism,  Vol.  II,  paragraph  718. 
^  Ibid.,  paragraph  719. 
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that  the  wire  should  increase  in  diameter  from  the  center  out- 
ward, and  it  has  been  customary  therefore  to  wind  the  coils  in 
several  sections,  with  larger  sizes  toward  the  outside  of  the  coil. 
Although  there  would  be  a  slight  gain  by  using  a  larger  number,  it 
has  been  the  practice  here  to  wind  the  coils  in  three  sections  as 
shown  in  the  accompanying  diagram  (Fig.  i),  which  is  drawn  to 
scale  to  illustrate  the  best  dimensions  for  a  three-section  coil  of 
5  ohms  resistance.  The  following  table  is  for  the  most  part 
abridged  from  Table  32  of  the  Astrophysical  Observatory  Annals, 
Vol.  I,  and  shows  the  diameters  of  wire,  gain  of  diameter  by  single 
white  silk  insulation,'  lengths  of  wire,  external  radii  of  sections 
and  forces  exerted  at  the  center  bv  the  most  efficient  coils  of 
various  given  resistances,  when  wound  of  wire  of  a  single  size 
or  in  three  sections  of  wire  of  different  diameters.  The  coils  of 
maximum  efificiency  have  been  selected  from  a  large  number 
whose  constants  have  been  computed. 


i 

1 

Diameter  of  Wire 
IN  Sections 

a  0 

11 

0 

Length  of  Wire 
IN  Sections 

External  Radii 
OF  Sections 

Forces  at 

Center  of 

Coil 

<5 

la 

<'i 

•t^ 

•/s 

/ 

Lt 

is 

^3 

Hx 

H, 

^3 

/=■. 

F, 

^3 

F 

ohms 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

»5 

50 

I 

0405 

ot6o 
0080 

0160 
0080 

0050 
0050 

0050 
0050 

0.0405 
0.0355 
o!oi6o 

0.0160 

0.0127 
o.oiay 

0.051 1 
0.0405 
0.0644 

0.0321 
0.0405 

0.0321 
0.0405 

0.0202 
0.0321 

0.0321 

0.0038 

7<>-» 
6.6 
8r 
81 
3092 
256 

618; 
S13 
81S 
12225 
1017 
1017 
24450 
2033 
2033 

328 

521 

1639 

■ki62 

3278 

"^l 

8150 
J2970 

1318 

333» 

4144 
6589 

8288 
13180 

16390 
41440 

32780 
82880 

0-55 
0.36 
0.31 
0.32 

1.24 

0-45 
0-55 

-! 
0.46 

1-53 
0.555 
0-555 

0.6a 
0.7s 

0.74 
0.95 

0.91 
1. 17 

0.91 
1. 14 

0.60 
J. 30 
2.26 

'\% 

2.03 
2.70 

;:^ 
3.38 

'■45 
423 

'2!^ 
298 

67. 
754 

99' 
1095 

■  87i 
1871 

2731 
2731 

45 
321 

359 

670 
653 

.798 
2017 

2396 
2677 

42 

301 
290 

605 
564 

'784 
7'7 

.645 
1617 

i;i6 
2068 

104 

141 
920 

1467 
1946 
1971 

2^ 
2710 
4007 
5314 
5505 
5398 
7»53 
7476 

Taking   the   best   coils    given    in    the    table,   the    total    force 

exerted  at  the  center  is  closely  proportional  to  the  0.45  power 

'  Wire  of  the  diameters  given  (which  are  those  of  standard  sizes  of  the  B  &  S 
'e  gauge)  can  be  procured  with  white  silk  insulation  of  the  given  thickness  from 
"'■   "-rm  of  A.  F.  Moore  S:  Co.,  of  Philadelphia, 
the  I, 
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of  the  total  resistance,  Coils  composed  of  three  sections  of  best 
sizes  of  wire  give  about  1.4  times  the  force  at  center  given  by  a 
coil  of  the  best  single  size  of  wire  of  the  same  total  resistance. 

Method  of  winding.  —  The  method  I  have  employed  in  winding 
such  coils  is  as  follows  :  A  brass  mandrel  is  prepared  as  shown 
in  the  diagram  (Fig.  i).   Where 


coils  of  large  resistance  are  to 
be  wound  the  ends  of  wires  of 
the  several  sections  are  brought 
out  at  the  back  of  the  coil  and 
soldered  after  its  completion, 
but  for  0.1 -ohm  coils  it  is  bet- 
ter to  solder  the  wires  together 
before  winding.  The  wire  is 
wound  in  a  solution  of  shellac, 

and    the    sections    are    formed  ""^ '^ '    ■  ■  ■' 

correctly  and  held  in  place  till 

the  shellac  dries  by  winding  thread  against  the  back  of  the 
section  as  it  grows  in  radius.  After  the  coil  is  complete  it  is 
boiled  in  carnauba  wax  to  make  it  rigid,  after  which  the  front 
plate  of  the  mandrel  is  warmed  and  removed,  and  then  the 
mandrel  itself  is  warmed  while  the  coil  is  held  downward  in  cold 
water  till  it  can  be  drawn  from  the  mandrel. 

THE  NEEDLE  SYSTEM. 

The  great  sensitiveness  of  recent  galvanometers  of  the 
Thomson  type  in  comparison  with  those  of  twenty  years  ago  is 
much  more  due  to  the  small  dimensions  of  the  needle  system, 
than  to  improvements  in  the  coil  construction.  Paschen  '  has 
emjjhasizcd  this  point,  and  he  and  others  had  constructed  gal- 
vanometers of  great  sensitiveness  prior  to  the  time  when  the 
present  investigations  began.  More  recently  Mendenhall  and 
Waidner,^  in  a  valuable  paper  on  galvanometer  construction,  have 
described  more  thorough  studies  of  the  construction  of  needle 
systems,  and  point  out  that  the  useful  diminution  of  dimensions 
cannot  proceed   as    far  as  would    appear   from  Paschen's  paper. 

^  Z^itschrifl  fiir  Instrumentenkundt^  13,  13,  1893. 
'  Am.  Jour.  Sci.  (4),  12,  249,  190I. 
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In  their  construction  of  magnet  systems  these  authors  are  guided 
by  extensive  experiments  on  magnets  of  different  forms,  but  they 
have  not  given  exact  directions  for  the  dimensions  and  arrange- 
ment of  the  whole  needle  system  to  give  highest  sensitiveness. 
In  what  follows  I  shall  endeavor  to  furnish  exact  information  of 
this  kind. 

If  we  suppose  a  single  short  magnet  suspended  horizontally 
at  the  center  of  a  coil  to  be  influenced  in  a  direction  parallel  to 
the  plane  of  the  coil  by  a  magnetic  field  of  strength  H,  and  to 
be  influenced  at  right  angles  to  the  plane  of  the  coil  by  a  current 
field  of  strength  F,  it  will  take  up  a  direction  making  an  angle 
6  with   the  plane  of  the  coil  such  that 

tan  e  =  -  .  '(7) 

Let  The  the  time  of  swing  of  the  suspension  (undamped),  M 
its  magnetic  moment,  and  /its  moment  of  inertia,  and  let  Fhc 
small  as  compared  with  H,  then 

/ 


Co'mbining  (7)  and  (8] 


MH  ■  («> 


tan  6  CA  — J —  .  (9) 


For  a  given  current  and  time  of  swing  therefore 

tan  6  zr.  ~^    .  (10) 

It  is  usual  for  purposes  of  astaticism  to  employ  more  than  one 
group  of  magnets,  with  poles  in  the  several  groups  oppositely 
directed.  Suppose  ?i  such  groups  each  composed  of  />  magnets 
of  moment  M  and  let  IMp  be  their  algebraically  combined 
magnetic  moment  tending  to  direct  the  system  in  a  given  sense, 
when  F  =  O,  while  nM/>  is  their  total  magnetic  moment  without 
regard  to  sign.  Let  each  group  hang  at  the  center  of  a  coil  whose 
field  strength  is/,  and  let  //,  T,  and  /have  the  same  significance 
as  before. 

Then  .        fi/>/M  ,     , 
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If,  as  before,  npfm  is  small  as  compared  with  H'^Mp 

Whence  for  a  given  current  and  time  of  swing 

tan^-.'i^^  (X3) 

The  moment  of  inertia  /falls  naturally  in  two  portions,  viz., 
the  non-magnetic  part  which  may  be  called  /„,  and  the  magnetic 
part  which  is  equal  to  npl„  where  T„  is  the  moment  of  inertia 
of  each  separate  magnet.  Let  np  =  N  the  total  number  of 
magnets. 

Thus  the  expression  (13)  becomes 

tan  0  c«c  .  (14) 

NI,„  +  /„  ^^' 

Of  /„  all  that  need  be  said  at  present  is  that  obviously  it 
should  be  as  small  as  practicable,  and  may  be  regarded  as 
a  known  constant.  If  then  M  and  /„,  can  be  expressed  in 
common  terms  the  conditions  of  maximum  deflection  can  be 
determined.  It  is  easy  to  express  /„,  in  terms  of  the  linear 
dimensions  of  the  magnets ;  thus  for  a  magnet  of  length  2a, 
weight  w,  and  radius  r  cemented  to  a  thin  vertical  glass  stem, 

1  r    •  •       •  -I      '^^^      ,  ^  ■  1 

the  moment  of  mertia  is  approximately when  -  is  not    less 

3  '' 

than  7. 

Magnetic  moment  in  terms  of  linear  dimensiotts . — In  order  to  find 
an  expression  for  the  magnetic  moment  in  terms  of  the  linear 
dimensions  of  the  magnet,  many  experiments  have  been  con- 
ducted here,  which  have  led  to  a  useful  e.xpression  of  this  kind. 
As  the  method  of  measuring  relative  magnetic  moments  is  useful 
in  testing  magnets  used  in  needle  systems,  I  shall  briefly  describe 
it.  A  single  short  magnet  provided  with  a  mirror  is  suspended 
in  a  field  controlled  in  such  a  way  that  the  time  of  swing  of  the 
suspension  is  raised  to  one  or  two  seconds.  The  magnets  to  be 
tested  are  then  brought  up  from  the  rear,  end  on,  at  right  angles 
to  the  suspended  magnet,  at  the  same  height  with  it  and  to  a 
fixed  distance  which  should  be  large  compared  with  the  length 
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of  the  magnets  used.  In  this  case  the  deflections  of  the  suspen- 
sion are  directly  proportional  to  the  magnetic  moments  of  the 
magnets  approached. 

In  the  experiments  the  relative  magnetic  moments  of  numer- 
ous magnets  of  different  kinds,  forms,  and  sizes  were  thus  deter- 
mined. The  magnets  varied  in  weight  between  36S  nig  and 
0.06  mg;  in  length  between  22  mm  and  0.8  mm;  in  diameter 
between  1.7  mm  and  0.075  "^rn-  Some  were  flat,  some  short 
and  thick,  others  as  much  as  fifty  times  as  long  as  their  diame- 
ters. Not  only  were  they  tried  separately,  but  in  combinations 
of  from  two  to  twenty,  separated  by  spaces  of  from  zero  to  five 
diameters,  sometimes  magnetized  separately  and  then  approached, 
at  other  times  magnetized  together.  » 

The  following  table  illustrates  the  advantage  of  dividing  a 
magnet  of  a  given  weight  into  a  number  of  thinner  ones.  The 
magnets  were  all  from  the  same  bar  of  steel  tempered  at  once 
and  magnetized  to  saturation : 


Designation 
Magnet 


A, 
A, 
A3 
A4 
A, 


6.1 
6.1 
6.1 
6.1 
6.1 


0.35 
0-35 
0.35 
0-35 
0.35 


•    Weight 


Total  weight 
of  four 
0.0507 


A3  and  A3  placed  parallel  and 

As  A3  and  A4  do.  do 

As  A3A4  and  As  do.  do 


little  apart . 


Magnetic  Mo- 
ment (Arbi- 
trary Unit) 


7-3 
4-9 


9-3 
134 
18.0 


We  see  that  the  four  magnets  had  a  combined  magnetic 
moment  two  and  one-half  times  as  great  as  the  single  one  of 
five-sixths  their  combined  weight.  Other  experiments  showed 
that  a  given  weight  of  steel  continued  to  increase  in  magnetic 
moment  with  increasing  ratio  of  length  to  mean  diameter  even 
when  the  ratio  was  50  to  I.  A  round  or  scjuare  cross-section 
appears  preferable  to  a  flat  one. 

Thoroughly  to  determine  the  connection  between  magnetic 
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moment  and  dimensions,  a  certain  piece  of  steel  was  drawn  into 
wire  of  four  different  sizes.  Pieces  were  taken  from  each  wire 
and  all  hardened  at  the  same  time.  These  were  then  magnetized 
to  saturation  together  in  a  long  helix.  After  determining  the 
magnetic  moment  of  each  they  were  broken  up  into  short 
lengths  and  again  magnetized  as  before  and  the  magnetic 
moment  of  each  piece  determined  separately.  The  results  are 
given  in  the  following  table: 


Magnetic 

Length 

Diameter 

Weight 

Moment 

Ratio 

Ratio 

Deviations 

Designation 

2a 

2r 

JK 

.\r 

2(Z 

5(r2a 

from 

cm 

cm 

gr 

{.Arbitrary 
Unit) 

2r 

"   .1/  2r 

Mean 

A, 

0.80 

0.0266 

0.00297 

130.0 

30.1 

68.7 

-29.2 

Aj 

0.30 

0.0266 

O.OOIII 

9-7 

"■3 

117. 4 

+  19-5 

A3 

0.13 

0.0266 

0.00048 

I. 8 

4-9 

no.o 

+32-1 

B, 

0-7.3 

0.0181 

0.00138 

59.0 

40-3 

93-5 

-   4-4 

B= 

0.35 

0.0181 

0.00066 

19.0 

19.4 

67.0 

-30.9 

B, 

0-13 

0.0181 

0.00025 

1-3 

7-2 

138.0 

+40.1 

B4 

0.08 

0.0181 

0.00015 

0.7 

4.4 

94.6 

-  3-3 

C, 

0.33 

0.0137 

0.00037 

8.4 

24.1 

94-4 

-  3-5 

C= 

0.08 

0.0137 

0.00009 

0.5 

5.8 

96.9 

—   1 .0 

D, 

o.so 

0.0075 

0.00015 

9-4 

66.6 

106.4 

+  8-5 

D= 

0.19 

0.0075 

0.00006 

2.  I 

25.4 

70.0 

-27.0 

Mean 

97-9 

18. 1 

It  will  be  seen  that  in  this  series  of  experiments  the  weight 
of  the  magnets  varied  fifty  fold,  the  ratio  of  length  to  diameter 
varied  from  66.6  to  4.4,  and  the  magnetic  moment  varied  250 
fold.  In  all  this  range  of  values  the  magnetic  moment  was 
proportional  to  the  product  of  the  weight  by  the  ratio  of  length 
to  diameter,  within  an  average  deviation  of  about  18  per  cent. 
While  this  average  deviation  is  large,  it  does  not  indicate  a 
departure  from  the  numerical  relation  just  pointed  out,  for  there 
appears  on  the  whole  no  tendency  for  the  deviations  to  become 
positive  or  negative  either  for  the  heavier  or  lighter  needles  or 
for  those  longest  or  shortest  in  proportion  to  their  diameter. 
The  large  deviations  may  reasonably  be  explained  as  caused  by 
differences  in  the  magnetic  quality  of  the  steel,  as  will  appear  in 
a  later  page.      Numerous  experiments  not  here  given   have   con- 
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firmed  this  general  result,  and  in  some  cases  series  have  been 
considerably  more  accordant  than  the  one  here  given.  It  will  be 
interesting  to  see  whether  the  results  of  Mendenhall  andWaidner 
support  this  relation.  The  following  table  is  roughl\-  computed 
from  the  series  of  magnets  H  and  A  given  by  them." 


Mean 

Magnetic 

Ratio 

Ratio 

Deviations 

Designation 

Length  ia 

Diameter  2 

Weight  W 

Moment 

ia 

W-za 

frcm 

M 

ir 

'°°    M  ir 

Mean 

H, 

0.530 

O.OIO 

0.000430 

0.0258 

530 

88.5 

+2i.6 

H, 

0.415 

O.OIO 

0.000337 

0.0184 

41.0 

75.2 

+  i«-3 

H3 

0.316 

O.OIO 

0.000251 

0.0122 

32.0 

65.8 

+  0-9 

H4 

0.195 

O.OIO 

0.000155 

O.OO4S 

19.0 

61.3 

-  3-6 

Hs 

0.124 

O.OIO 

O.OOOIOO 

0.00215 

12.0 

55-9 

-  9.0 

H6 

0.102 

O.OIO 

0.000081 

0.00:4^ 

10. 0 

56.5 

-  8.4 

H; 

0.065 

O.OIO 

0.000053 

0.00054 

6.5 

62.9 

—  2.0 

Mean 

64.9 

8.3 

A, 

0.33s 

0.024 

0.00IS7 

0.0407 

13.0 

50.0 

+  2.2 

A, 

0.229 

0.024 

0.00105 

0.0198 

8.8 

46.9 

-  0.9 

A3 

0.167 

0.024 

0.00078 

O.OIOO 

6.4 

50.0 

+  2.2 

A, 

0.080 

0.024 

0.00036 

0 . 003 1 

3-2 

37-7 

—  10. 1 

As 

0.153 

0.017 

0.00034 

0.0049 

9.0 

59-9 

+12. 1 

Mean 

47.8 

S-S 

These  results  show  closer  agreement  to  the  relation  above 
given  than  does  the  series  of  observations  before  quoted. 
There  appears,  however,  a  tendency  to  departure  from  the 
formula  for  magnets  more  than  forty  and  for  those  less  than  five 
times  as  long  as  their  diameter.  I  shall  therefore  restrict  my 
statement  as  follows:  For  magnets  of  a  given  steel  tempered 
and  magnetized  to  saturation  under  like  conditions,  and  whose 
length  is  between  five  and  forty  times  their  diameter,  the  mag- 
netic moment  is  proportional  to  the  jjroduct  of  the  weight  by 
the  ratio  of  length  to  diameter. 

Mutual  action  of  magnets. —  My  observations  have  led  me  to  a 

'  Am.  Jour.  Set'.,  12,  256,  1901. 

"The  square  root  of  the  product  of  width  and  thickness. 
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different  view  of  the  seriousness  of  mutual  action  between  mag- 
nets in  needle  systems  from  that  arrived  at  by  Mendenhall  and 
Waidner,  who  incline  to  think  it  of  little  consequence.  In  the 
table  of  experimental  results  which  they  give  the  distance 
between  centers  of  the  magnets  was  never  less  than  i.omm  and 
the  magnets  were  flat  and  were  0.8  mm  wide.  Had  they  been 
turned  up  edgewise  and  approached  closer,  I  think  the  mutual 
effect  would  have  greatly  increased.  The  following  experi- 
ments were  made  with  magnets  of  round  wire  about  1.4  mm 
long  and  0.08  mm  in  diameter,  being  of  the  same  dimensions 
that  I  am  accustomed  to  use  for  needle  sj'stems.  Ten  of  these 
were  magnetized  to  saturation  in  a  long  helix,  and  gave  (in 
arbitrary  units)  magnetic  moments  of  15,  13,  15,  12,  14,  13,  14, 
13,  II,  and  17,  respectively,  when  measured  separately,  so  that 
the  arithmetical  sum  of  their  moments  was  137  units.  When 
placed  in  a  bunch  parallel  and  touching  each  other,  the  com- 
bined moment  was  only  35  units.  The  magnets  were  then 
again  tested  separately  and  had  permanently  decreased  in  mag- 
netic moment  to  only  five  units  each.  They  were  then  built  into 
a  system  with  spaces  of  three  diameters  between  them,  and  were 
re-magnetized  in  the  helix.  This  system  gave  a  combined 
moment  of  105  units.  At  two  diameters  and  one  diameter 
separation  the  moment  became  95  and  74  units,  respectively. 
Further  experiments  showed  that  similar  results  were  reached 
whether  the  magnets  were  first  approached  and  then  mag- 
netized, or  vice  versa.  With  spaces  of  five  diameters  between 
the  magnets  the  loss  of  combined  moment  by  mutual  effect  was 
only  about  3  per  cent. 

Comparative  7nagnetic  moment  of  different  samples  of  steel. — 
Different  kinds  of  steel  are  unequally  eflficient  for  magnet  sys- 
tems. The  best  kind  tried  here  was  a  small  bar  of  tungsten 
steel  of  a  composition  unknown  to  me,  which  was  given  to  me 
at  Johns  Hopkins  University  in  Baltimore.  As  compared  with 
Stubs'  tool  steel,  this  made  up  into  magnets  of  twice  the  mag- 
netic moment  for  equal  weight  and  similar  form.  I  have  used 
it  exclusively  in  recent  galvanometers.  But  it  is  not  alone 
samples  of  steel  of  different  composition,  but  different  samples 
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from  the  same  bar,  that  show  unequal  magnetic  value.  Thus 
among  140  magnets  of  tungsten  steel  wire  0.008  cm  in  diameter 
and  all  between  O.125  and  0.13;  mm  long,  broken  from  the  same 
wire,  tempered  at  the  same  time,  and  magnetized  in  a  long  helix 
at  once,  the  magnetic  moment  was  found  to  vary  between  the 
limits  13  and  35.  Sixty-four,  however,  were  selected  whose 
average  magnetic  moment  was  30  on  this  arbitrary  scale,  and 
most  of  the  remainder  were  between  the  limits  20  and  25.  It  is 
undoubtedly  to  this  variation  of  small  samples  from  the  same 
bar  that  the  large  deviations  in  Table  II  are  due. 

The  following  is  a  summary  of  the  general  results  reached  in 
these  experiments  on  magnetic  moment. 

1 .  Rowland's  tungsten  steel  made  the  strongest  magnets  of  all 
the  kinds  tried,  and  proved  twice  as  good  as  Stubs'  tool  steel. 

2.  A  given  weight  of  steel  used  to  compose  a  single  magnet 
has  a  greater  magnetic  moment  if  square  or  round  in  cross- 
section  than  if  flat,  and  the  magnetic  moment  is  greater  the 
greater  the  ratio  of  the  length  to  the  diameter. 

3.  A  given  weight  of  steel  of  a  given  length  is  increased  in 
magnetic  moment  the  more  it  is  subdivided, lengthwise  to  form 
separated  magnets. 

4.  For   magnets   of    the   same   steel   between   five  and    forty 

times   as    long  as  their  diameter,  the  magnetic  moment  is  given 

\Va 
by  the  relation   M=^K'  ,  where  M  \s  the  magnetic  moment, 

J'Fthe  weight,  a  the  half  length,  r  the  radius,  and  K'  a  constant 
for  the  given  kind  of  steel.  This  important  relation  was  found 
to  hold  throughout  the  great  range  of  weights  and  forms  of 
magnets  examined. 

5.  A  number  of  magnets  placed  parallel  in  a  group  reduce 
each  other's  magnetic  moments  by  about  one-thirtieth  if  sepa- 
rated by  spaces  of  5  diameters,  and  the  loss  becomes  about 
one-third  at  two  diameters.  It  is  undesirable  to  have  the  spaces 
less  than  three  diameters. 

6.  It  is  immaterial  whether  the  magnets  are  first  magnetized 
and  then  approached,  or  first  approached  and  then  magnetized, 
for  the  loss  is  not  recovered  when  the  magnets  are  separated. 
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We  now  are  in  position  to  determine  the  best  construction  of 
needle  systems  ;   for,  remembering  that  the  magnetic  moment  is 

•'       ,        ^^^«      u  r  •         • 

proportional  to ,  the  moment  or  mcrtia  to 

3 
and  the  deflection  of  the  galvanometer  to  their  quotient  we  have 

(■5) 


NWcr 


I  have  used  this  formula  to  compute  numerical  values  for  a 
series  of  systems,  selecting  for  construction  one  which  is  as 
heavy  as  possible  without  sacrificing  more  than  one-tenth  in 
sensitiveness  as  compared  with  the  most  sensitive.  In  this  way 
better  results  are  reached  than  by  substituting  for  W  in  terms  of 
the  linear  dimensions  and  specific  gravity,  and  determining 
analytically  the  conditions  of  maximum  sensitiveness. 

We  see  by  the  formula  that  if  the  total  weight  of  the  system, 
the  length  of  the  needles,  and  the  non-magnetic  moment  of 
inertia  are  all  kept  constant,  the  deflection  increases  indefinitely 
by  diminishing  the  diameter  of  the  magnets.  But  a  practical 
limit  is  soon  reached  in  this  course  of  procedure,  for  in  order  to 
remain  effective,  the  magnets  must  be  separated  by  three  or  four 
diameters,  and  thus  the  space  available  for  them  is  soon  taken 
up.  In  practice  I  now  employ  magnets  0.008  centimeters  in 
diameter. 

By  inspection  of  the  formula  it  is  also  apparent  that  if  the 
length  and  radius  of  the  magnets  and  the  non-magnetic  moment 
of  inertia  all  remain  unchanged,  an  increase  in  the  number  of 
magnets  increases  the  deflection.  The  great  advantage  of 
increasing  the  number  is,  however,  that  the  non- magnetic  moment 
of  inertia  can  also  be  increased  at  the  same  time,  and  thus  both 
the  weight  and  rigidity  of  the  needle  system  is  augmented  with- 
out loss  of  sensitiveness,  so  far  as  the  needle  system  is  con- 
cerned, and  with  a  real  gain  in  steadiness.  But  the  limitation  of 
space  at  the  center  of  the  coils  bars    indefinite   progress  in  this 
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direction.  In  the  two  galvanometers  now  in  use  at  the  Obser- 
vatory this  increase  in  number  of  magnets  has  been  effected  by 
increasing  the  number  of  groups  of  magnets  from  two  to  eight, 
with  an  attendant  increase  of  the  number  of  coils  from  four  to 
sixteen.'  As  shown  at  a  former  page,  this  increase  in  the  number 
of  coils  diminishes  the  effectiveness  of  the  current  in  the  ratio  of 
68  to  32. 

The  "constant"  of  one  of  these  sixteen-coil  instruments 
expressed  in  amperes  for  a  deflection  of  i  mm  on  scale  at  i  meter 
with  time  of  single  swing  of  10  seconds  and  total  resistance  only 
1.6  ohms  is  5  X  io~".° 

It  is  well  to  remark  that,  while  the  sixteen-coil  instrument 
involves  a  deliberate  sacrifice  in  the  efficiency  of  the  coilS,  it 
gains  greatly  in  its  better  astaticism  and  the  steadiness  of  the 
needle  system.  The  least  current  which  can  be  read  with  it  as 
now  arranged  is  about  i  X  I0~"  amperes. 

For  a  region  free  from  prejudicial  magnetic  disturbances  it 
would  be  better  to  retain  the  four-coil  form  of  galvanometer.  By 
making  the  coils  rather  large  the  interior  unwound  space  could  be 
a  centimeter  or  more  in  diameter  without  great  sacrifice  of  current 
effectiveness,  and  a  large  number  of  needles  could  be  placed  in 
each  group. 

Building  of  needle  systems. —  The  method  of  building  up  a 
needle  system  of  fifty  or  more  magnets  deserves  a  little 
explanation.  In  the  first  place  the  steel  wire  is  cut  off  in  three- 
quarter-inch    lengths    and    hardened    glass    hard    between    thin 

'A  needle  system  of  10  mg  weight  having  48  needles  each  0.132  cm  long  and 
0.0082  cm  in  diameter,  fixed  to  one  side  only  of  astern  12  cm  long  and  weighing 
complete  with  magnets  and  mirror  8  mg,  is  now  in  use.  The  several  moments  of 
inertia  of  its  materials  are:  of  magnets,  0.0000045  gr  cm;  of  mirror,  0.0000005 ; 
of  stem,  0.0000012;  of  shellac,  0.0000002.  The  practice  of  putting  needles  on  both 
sides  of  the  stem  far  enough  apart  to  avoid  loss  of  magnetic  moment  by  mutual  action 
increases  the  moment  of  inertia  of  the  system  too  much  to  be  of  advantage. 

'One  needle  system  of  2  mg  weight  for  a  four-coil  instrument  of  1.4  ohms  at  1.5 
seconds  single  swing  gave  a  millimeter  deflection  on  the  scale  at  one  meter  distance, 
with  a  current  of  4Xio~"'ampferes.  If  we  compute  from  this  to  a  ten-second  single 
swing  the  result  is  9X10-",  and  if  to  a  ten-second  complete  period  the  result  is  24000 
on  the  Ayrton- Mather  scale.  But  both  these  computed  values  are  illusory,  for  with 
atmospheric  pressure  the  deflection  of  light  systems  is  not  even  approximately  pro- 
portional to  the  square  of  the  time  of  swing.  As  shown  a  little  later,  this  relation 
holds  closely  for  galvanometers  from  which  the  air  is  exhausted  to  a  pressure  of  0.2  mm 
of  mercury. 
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plates  of  steel.  I  have  never  softened  the  wire  at  all,  although 
I  have  heard  that  there  is  a  slight  advantage  in  tempering  it. 
The  needles  are  then  cut  off  from  the  glass-hard  wire  by 
means  of  a  simple  shears,  illustrated  in  the  diagram  (Fig.  2), 
which  cuts  all  of  nearly  equal  length.  These  short  pieces,  more 
in  number  than  are  actually  required,  are  next  measured  under 
the  microscope.  Each  piece  is  then  stuck  like  a  pin  in  the  end 
of  a  little  square  of  cardboard,  on  which   is    marked   its   length  ; 


all  the  cardboards  are  put  upon  a  rod  and  inserted  together  in  a 
magnetizing  helix,  and  the  magnets  are  strongly  magnetized  to 
saturation.  The  magnetic  moment  of  each  is  then  determined 
and  the  weak  ones  are  eliminated,  and,  from  the  remainder,  the 
groups  are  selected  so  that  total  magnetic  moment  and  total 
weight  of  all  the  groups  shall  be  ecjual. 

The  groups  are  built  up  on  a  form  shown  in  the  accomi)any- 
ing  diagram  (Fig.  3),  consisting  of  two  straight-edged  glass 
strips  of  equal  thickness  separated  by  a  space  of  about  0.8  mm 
and  stuck  down  to  a  piece  of  plate  glass.  In  the  crack  between 
the  straight  edges  runs  a  wire  connected  to  binding  posts,  one 
of  which  is  movable  and  connected  to  a  spring  so  as  to  stretch 
the  wire.  The  little  magnets  arc  laid  in  sugar  syrup  across  the 
crack  from  edge  to  edge,    and    their  distance   apart   is  carefully 
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adjusted  while  the  sugar  is  kept  moist  by  breathing  upon  it ; 
after  which  the  syrup  is  allowed  to  harden.  A  straight  glass  stem 
is  now  drawn  of  the  desired  weight,  and  upon  this  at  intervals 
corresponding  with  the  distance  between  the  groups  of  needles  are 
placed  little  portions  of  shellac.  The  stem  is  now  laid  upon  the 
needles  and  a  proper  current  of  electricity  is  passed  through  the 
wire  underneath  till  it  is  seen  with  a  hand  glass  that  the  shellac 
has  run   around    every  magnet,   but   without   running  out  toward 
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their  ends.  After  the  shellac  cools,  the  needle  system  is  dis- 
solved off  from  the  sugar  bed  with  water,  carefully  washed,  and 
is  ready  for  the  mirror.  Such  a  needle  system  is  almost 
mechanically  perfect.  I  find  no  occasion  with  eight  group 
needles  to  astaticize,  but  I  do  re-magnetize  by  the  aid  of  an 
electro-magnet  of  sixteen  poles. 

The  mirror  is  a  fragment  of  microscope  cover  glass,  selected 
from  a  large  number  of  pieces  of  glass  about  i  X  1.5  mm  cut  out 
with  a  dividing  engine.  These  are  all  coated  with  metal  on  both 
sides,  and  their  optical  quality  is  tested  by  mounting  each  on  a 
wad  of  cotton  and  reflecting  with  each  mirror  in  succession  the 
rays  from  a  slit.  Both  surfaces  are  tested  and  each  with  both  long 
sides  and  short  sides  vertical,  so  that  the  chance  of  obtaining  a 
pretty  good  figure  is  quite  considerable. 

Galvanometer  support  and  accessories. — In  a  city  two  well-known 
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kinds  of  disturbance  are  ever  active,  namely,  mechanical  jarring 
and  electro-magnetic  influences.  The  former  of  these  may  be 
communicated  either  by  sound-waves  in  air  or  bv  direct  ground 
vibrations.  To  remove  the  latter  the  Julius  three-wire  suspen- 
sion is  efficient,  but  may  be  combined  advantageously  with  mer- 
cury flotation.  Such  a  combination  is  employed  for  both  the 
galvanometers  at  the  Astrophysical  Observatory,  and  its  chief 
features  will  be  found  described  in  Vol.  I  of  the  Observatory 
Annals,  and  in  the  Appendix  to  the  Report  of  the  Secretary  of 
the  Smithsonian  Institution  for  1900  and  1901,  pp.  100  and  122 
respectively.  I  will  merely  add  here  that  as  a  result  of  a  series 
of  experiments  it  was  found  best  to  use  glycerine  to  damp  the 
horizontal  vibrations  of  the  three-wire  suspension,  as  this  liquid 
appears  to  damp  best  in  proportion  to  its  transmission  of  ground 
tremors. 

For  the  destruction  of  the  disturbing  vibrations  of  sound 
within  the  galvanometer  case,  and  for  a  further  purpose  shortly 
to  be  spoken  of,  the  most  recent  galvanometer  case  has  been 
made  air  tight  and  is  used  at  an  air  pressure  of  less  than  yi  mm 
of  mercury. 

Magnetic  shielding. — Magnetic  shielding  is  now  employed  for 
the  most  sensitive  galvanometer.  Three  shields  are  made  use  of, 
whose  dimensions  are  in  general  accord  with  the  recommenda- 
tions of  Du  Bois.'  The  outer  one  is  a  two-inch-thick  cast-iron 
box  open  at  top  and  bottom  and  about  six  feet  high  and  three 
feet  square.  Within  this  hangs  the  heavy  table  upon  which  rests 
the  galvanometer.  Upon  this  table  are  two  concentric  soft  cast- 
iron  cylindrical  shields.  The  outer  is  30  cm  high,  15  cm  outside, 
and  13  cm  inside  diameter.  The  inner,  symmetrically  placed  with 
regard  to  the  outer  and  fastened  to  it,  is  20  cm  high,  8.7  cm  in 
exterior,  and  7.5  cm  in  inside  diameter.  Both  shields  are  lifted 
up  by  means  of  a  cord  when  one  wishes  to  examine  or  adjust 
within  the  galvanometer.  The  latter  is  in  the  basement  of  the 
laboratory  and  the  beam  of  light  for  reading  it  is  brought  down 
to  the  mirror  from  a  slit  3  m  above.  A  small  side  mirror  within 
the  galvanometer  case  at  an  angle  of  45°  to  the  vertical  reflects 

■  Wied.  Ann.,  65,  8,  1898. 
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the  beam  upon  the  needle  system,  and  returns  it  to  the  scale  or 
photographic  plate  4  m  away  in  the  room  above. 

A  number  of  strong  control  magnets  within  the  outer  iron  box 
outside  the  inner  shield  are  used  to  adjust  the  time  of  swing  and 
position  of  zero.  As  a  constant  temperature  is  essential  to 
freedom  from  drift  when  the  galvanometer  is  used  at  a  high  time 
of  swing,  automatic  temperature  regulation  and  other  precautions 
are  resorted  to. 

With  this  galvanometer  with  its  relatively  heavy  needle  sys- 
tem— protected  so  thoroughly  from  shaking  by  a  mercury-floated 
Julius  suspension  system  weighing  nearly  a  ton,  and  from  mag- 
netic disturbances  by  three  iron  shields  —  greai  steadiness  is  of 
course  obtained,  and  consequently  it  is  {jracticable  to  use  a  nigh 
time  of  swing.  But,  as  is  well  known,  the  damping  of  the  air  gen- 
erally prevents  the  deflection  of  a  modern  galvanometer  from 
increasing  anything  like  the  square  of  the  time  of  swing,  when 
the  time  of  single  swing  is  above  I  second,  and  the  air  has  there- 
fore been  exhausted.  It  was  found  that  little  gain  resulted  till  a 
pressure  of  less  than  i  cm  was  reached,  but  at  0.8  mm  mercury 
pressure  the  law  of  squares  held  to  2.5  seconds  single  swing,  and 
at  0.2  mm  the  deflection  remained  proportional  to  the  square  of 
the  time  of  swing  up  to  a  time  of  single  swing  of  5.5  seconds. 
The  needle  system  was  found  to  be  almost  surprisingly  steady. 

This  brings  the  account  down  to  September,  1902.  Since  then 
attention  has  been  wholly  diverted  from  the  great  galvanometer. 
It  will  illustrate  the  working  sensitiveness  of  an  instrument  meas- 
uring currents  of  ixiO~''  amperes,  when  I  say  that  the  difference 
of  radiating  power  between  an  observer's  black  coat  distant  2  m 
from  the  balanced  bolometer,  and  the  walls  of  the  room  which 
his  coat  momentaril)-  hid,  threw  the  spot  of  light  off  the  scale 
some  40  cm,  while  the  observer's  naked  hand  within  a  meter  of 
the  bolometer  turned  the  galvanometer  needle  round  and  round. 

In  conclusion  I  wish  to  say  that  in  the  work  above  described 
I  have  had  the  co-operation  of  Mr.  V.  E.  [-"owlc,  Jr.,  of  the 
Astrophyslcal  Observatory. 

Washington,  D.  C, 
May  1903. 


ON   FORMULA  FOR  SPECTRUM  SERIES. 

By  A.  Fowler  and  H.  Shaw. 

In  spite  of  the  admirable  work  on  spectrum  series  which  has 
been  done  by  Rydberg  and  by  Kayser  and  Runge,  the  formulce 
which  they  have  employed  to  express  the  relation  between  the 
lines  which  constitute  a  series  can,  in  many  cases,  be  regarded 
only  as  rough  approximations,  more  particularly  for  series  of 
the  principal  and  second  subordinate  types.  The  present  paper 
gives  the  results  of  an  attempt  to  bring  the  results  of  calculation 
into  better  accordance  with  those  of  observation  by  employing 
modified   formula;. 

After  several  trials,  the  most  accurate  representations  of 
various  series  were  obtained  by  further  generalizing  the  modifi- 
cations of  Balmer's  formula  which  have  already  been  suggested 
or  employed  by  others.  Two  of  these  formulae  seem  to  merit  a 
somewhat  detailed  discussion. 

Employing  Rydberg's  convenient  notation  so  far  as  possible, 
the  first  may  be  written : 

>,  =  «„  -  — -^  ,  (I) 

tn''  —tn„  ^  '  ■ 

where  m  takes  successively  the  values   2,  3,  4,  ••■-,«  is   the 

oscillation  frequency  corresponding  to  the  different  values  of  m, 

and  n„,  C,  m^,  and  p  are  four  constants  to  be  determined  from 

four  lines  for  which  n  and  m  are  known;  «„  is  the  "convergence 

frequency"  of  the  series,  or  the  value  which  «  assumes  when  m 

is  infinite.     This   formula  may  be  considered  as  a  variation  of 

the    generalization    of    Balmer's    formula   suggested    by  Ames," 

which  may  be  written 

C 


m'  —  m„ 
in  which  m  is  taken  to  be  a  whole  number. 
The  second  equation  investigated  is 

{m  +  ft)'  -  w„ 
'Phil.  Mag.,  30,  47,  1890. 


22  A.  FOWLER  AND  H.  SHAW 

where  «„,  C  /i,  and  m^  are  the  four  constants  to  be  calculated 
for  each  series.  This  may  be  regarded  as  a  combination  of  the 
formula  of  Ames  with  that  of  Rydberg,'  the  latter  being 

C 

"  =  "a>  ~-  'i ; ;  . 

(«  +  /x)- 

in  which  w  is  a  whole  number,  but  fx  is  usually  a  fraction,  and  C 

has  the  value  1 0967  5  for  all  series. 

Formula  II  may  be  regarded  geometrically  as  the  equation 
to  a  hyperbola  of  the  second  degree  with  respect  to  axes  parallel 
to  the  asymptotes,  the  co-ordinates  being  represented  by  the 
values  of  «  and  [tn  +  /i)^,  while  «„  and  tn^  are  the  co-ordinates 
of  the  point  of  intersection  of  the  asymptotes.  Similarl3%  For- 
mula I  may  be  looked  upon  as  the  equation  to  a  hyperbola  of 
the  /th  degree. 

In  terms  of  wave-lengths,  the  two  formulae  may  be  written  : 

X  =  X„4-— -^1 ,  .  (I«) 

X  =  X„+- -^ -.  aiaf 

DETERMINATION    OF    THE    CONST.\NTS. 

The  determination  of  the  constants  of  the  two  formuht  is 
less  tedious  than  might  at  first  appear.  Designating  the  four 
given  lines  by  «, ,  11^,  «, ,  n^,  and  the  corresponding  values  of  m 
by  w, ,  w,,  w,,  Wj,  the  index  p  in  Formula  I  may  be  derived 
by  a  few  trials  from  the  relation 

(«,  —  «,)  («,  —  //,)  _  (;«{  —  >n{)  (;«f  —  wj) 
{n^  —  «,)  («^  —  //j)  ~  {mi  —  m'^)  {m{  —  m''^  ' 
If  many  series  are  to  be  investigated,  it  is  convenient  to  con- 
struct curves  showing  the  values  of  the  expression  on  the  right 

'"  Kecherches  sur  la  constitution  des  spectres  d 'Amission  des  ^l^ments  chimiques," 
Kgl.  Svenska  Vet.-Akad.  Handl.,  23,  II,  l8go. 

"Since  completing  the  present  paper  we  have  found  that  this  formula  has  been 
previously  employed  by  Rummel  {Proc.  Koy.  Soc.  Victoria,  10.  7Si  1*^97!  I2'  I5.  1S99), 
who,  however,  does  not  appear  to  have  noticed  that  the  equation  is  of  the  same  form 
whether  expressed  in  wave-lengths  or  frequencies. 

The  work  of  Rummel  appears  to  have  received  far  less  attention  than  it  deserves. 
This  is  perhaps  i)artly  due  to  the  fact  that  in  an  earlier  paper  (Proc.  Koy.  Soc.  Vict.,  g, 
260,  1S97)  the  formula  which  he  employed  was  simply  that  of  Ames  transposed  to 
wave-lengths  (which  applies  with  reasonable  accuracy  to  only  a  few  series),  and  to 
his  continued  use  of  the  symbol  »  (corresponding  with  m  in  the  above  formulas)  in  his 
later  papers  for  a  number  which  may  have  a  fractional  value. 
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for  various  values  of  /  and  for  different  groups  of  values  of  ;«. 
From  such  curves  the  value  of  /  may  usually  be  read  with  a 
sufificient  degree  of  accuracy,  and  when  /  has  been  determined 
the  other  constants  are  easily  derived. 

The  value  of  (wji-ytt)  in  Formula  II   is  determined  directly 
from  the  relation 


(w,  +  ft)  = 


where 


("4  -  n,)  («=  -  «.)  ' 
and  //,,  «,,  n.,  fi^  refer  to  four  consecutive  lines.  If  four  lines 
which  are  not  consecutive  are  employed  in  the  calculation  of  the 
constants,  the  above  equation  will  not  hold,  but  another  of 
similar  character  may  easily  be  obtained.  When  n  has  been 
ascertained,  the  other  constants  readily  follow;  or,  if  desired, 
?!„  may  be  determined  independently. 

In  view  of  the  possible  physical  significance  of  the  term  /i,  it 
may  eventually  be  desirable  to  adjust  its  value  by  the  addition 
of  an  integer,  when  necessary,  so  that  w=--l  always  gives  the 
first  positive  value  of  n,  or,  as  in  the  case  of  hydrogen,  makes 
n  =:  0.      For  the  present  this  has  not  been  considered  necessary. 

EXAMPLES. 

As  already  remarked,  it  is  chiefly  in  the  case  of  series  of  the 
principal  and  second  subordinate  types  that  the  older  formulae  are 
most  defective,  and  it  may  now  be  added  that  this  is  especially 
marked  when  it  is  attempted  to  include  the  least  refrangible  line 
of  a  series.  The  following  examples  illustrating  the  two 
formulae  under  investigation  have  accordingly  been  chiefly 
selected  from  series  of  these  types.  In  the  first  instance,  the 
equations  given  are  those  calculated  from  the  first  four  lines  of 
each  series. 

Unless  otherwise  stated,  the  frequencies  given  in  the  tables 
have  been  derived  from  Kayser  and  Runge's  wave-lengths  (as 
given  in  Watts's  I/idex  of  Spectra),  corrected  to  vacuum  by  the 
revised  table  drawn  up  b}-  the  same  observers.' 

^  Abh.  Koniiil.  Preiiss.  Akad.  Wissensck.,  Berlin,  1893;  Watts's  /nJ(.x,  App.  E, 
p.  52. 
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For  the  helium  series,  the  frequencies  already  corrected  to 
vacuum,  are  those  given  by  Runge  and  Paschen." 

In  the  tables  the  numbers  in  brackets  refer  to  the  values  of 
w;   0— Vindicates  observed  minus  computed  values. 

The  differences  C  —  C"  in  the  case  of  Kayser  and  Runge's  cal- 
culations, unless  otherwise  stated,  are  quoted  from  Professor 
Kavser's  recent  book  [Haiidbjich  der  Spectroscopic,  Vol.  II),  where 
the  formulae  and  tables  are  conveniently  brought  together.'' 
Those  resulting  from  the  use  of  Rydberg's  formula  are  taken 
directly  from  Rydberg's  general  work  ("Recherches,"  etc.),  but 
it  should  be  pointed  out  that  these  would  probably  be  slightly 
modified  if  recalculated  with  the  later  value  of  the  constant 
C,  namely  109675  in  place  of  10972  1.6. 

THE    PRINCIPAL    SERIES    OF    SODIUM. 

For  the  less  refrangible  components  of  the  double  lines 
which  constitute  the  principal  series  of  sodium  lines,  the  equa- 
tions derived  from  the  first  four  lines  are: 

92513-4 


Formula  I:  «  =  41510.37  — 


Formula  II :  «  ^  41449.92  — 


0.02613 
110875:4 


(w  +  o. 1935)'— 0.284956 


o-c 

o-c 

O-C 

Oscillation 

Frequency 
IN  Vacuo 

FOKMILA  I 

Formula  II 

K.  AND 

R.'s 

o-c'' 

K.  AND  R. 

0-  c 
Rydberg 

(In  Tenth- 

(InTenth- 

In  Frequency 

In  Tenth - 
Meters 

In  Frequency 

In  Tenth. 
Meters 

(In  Tenth. 
Meters) 

Meters) 

Meters) 

16955-15 
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+77-46 

+  1.0 

+3-0 

30265.61 
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+0.010 
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0.00 

-1.6 

-7-8 

35041.12 
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+0.002 
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o.Oo 

+1.0 

+0.7 

37295 -.^4 

(5)  -0.02 

+0.001 

(5)      0.00 

0.000 

0.00 

+0.7 

+  1.2 

38539.663 

(6)  —0.04 

+0.002 

(6)+i.8i 

— 0.I2I 

+  0.06 

+0.1 

+2.9 

39299.063 

(7)-i-i5 

+0.074 

(7) +3-67 

—  0.237 

+  0.17 

-0.4 

39793-70  3 

(8)  -5.90 

+0-370 

(8) +2.39 

—  0.160 

+  0.65 

-0.4 

'Sin.  d.  K.  Akad.  der  IViss.,  Berlin,  July,  1895,  pp.  639,  759;  Astrophysical 
JOURNAI.,  January  1896. 

/3          C 
'  The  equation  generally  employed  by  Kayser  and  Runge  is  N=A  B  — ^ , 

where  A,  B,  C,  are  three  constants  to  be  separately  determined  for  each  series,  and  m 
is  a  whole  number. 

3  Observed  as  single  lines. 

*  The  errors  in  this  column  are  those  resulting  from  a  formula  in  which  all  the 
lines  are  used  in  the  calculation  of  constants  (Kayser,  Handbuch  der  Sped.,  Vol.  II, 
P-521). 
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PRINCIPAL    SERIES    OF    POTASSIUM. 

For  the  less  refrangible  components  of  the  principal  series  of 
double  lines  of  potassium  the  formulae  and  results  are  as  follows: 

195630.4 


Formula  I :  «  ^34927.31  — 
Formula  II:  //^  35047.96- 


2.5224 
115321.9 


(»/ +  0.459)°  —  0.8 1 980 


O-C 

0- 

c 

o-c 

o-c 

Rydberg 
In  Tenth- 
Meters 

Oscillation 

Formula  1 

FORMIL 

A    II 

K.  &  R.'s 

Frequency 

Formula 
In  Tenth- 
Meters 

IN  Vacuo 

In 

In  Tenth- 

In 

In  Tenth- 

Frequency 

Meters 

Frequency 

Meters 

12984.69 

(3)      0.00 

0.000 

(2)    -0.03 

+0.020 

+  161.30 

-17  0 

24700.46 

(4)  -o.oi 

+0.002 

(3)  +0.02 

—  0.003 

0.00 

-22.7 

28998.41 

(5)      0.00 

0.000 

(4)      0.00 

0.000 

0.00 

-6.6 

31068.72 

(6)      0.00 

0.000 

(5)      0.00 

0.000 

0.00 

+  1.6 

32224.22 

(7)  -0.91 

+0.087 

(6)  -4.06 

+0.390 

+0.27 

+4.0 

32940.18 

(8)  +4-53      -0.417 

(7)  -4-01 

+0.369 

+0.23 

+4.3 

33409.17 

(9)  +6.58 

-0.588 

(8)  -8.45 

+0.755 

+0.68 

+6.6 

33736-46 

(io)+ii.i8 

-0.978 

(9)-io.67 

+0.934 

+1.05 

.    +7.3 

33971-45 

(10+14.24 

-1-234 

(I0)-I4.33 

+1.242 

+1.45 

+6.7 

THE    PRINCIPAL    SERIES    OK    LITHIUM. 

For  this  series  the  formulae  and  results  are  as  follows: 
116717.5 


Formula  I  :  «^  43446.07 

Formula  II :  «  =  43470. 35  — 


0.00056 
108764. 1 


(ot  + 0.931)=' +  0.07855 


Oscillation 

o-c 

Formula  I 

o-c 

Formula  11 

o-c 

K.  &  R. 

o-c 

K.  &  R.' 

o-c 

In  Tenth. 
Meters 

In  Tenth- 
Meters 

In  Tenth- 
Meters 

Vacuo 

In 

In  Tenth- 

In 

In  Tenth- 

Frequency 

Meters 

Frequency 

Meters 

14903.08 

(2)+0.2S 

—  0.  Ill 

(l)-0.09 

+0.040 

+  108.12 

0.00 

+0.4 

30924.54 

(3)-o.i6 

+0.017 

(2)+0.06 

—  0.006 

0.00 

0.00 

+2.2 

36467.48 

(4)-o.05 

+0.004 

(3)+0.02 

—  0.00 1 

0.00 

0.00 

+0.5 

39011 .60 

(5)-o.o3 

+0.002 

(4)+0.02 

— O.OOI 

0.00 

+0.66 

-0.8 

40389.99 

(6)+5.45 

-0.350 

(5)+4.68 

-0.287 

—  0.20 

+0.95 

-0.3 

41215.53 

(7)+7.77 

-0.457 

{6)+5.57 

-0.327 

—O.OI 

+  ■■44 

-0.4 

41749.29 

(8)+9.S4 

-0.550 

(7y+5.92 

-o.3.?8 

+0.29 

+■>• 

I 

42II2.35' 

(9)+9.4i 

-0.530 

(8)+4.25 

-0.238 

+0.75 

4  -■     ■ 

'Based  on  obser\-ations  by  Messrs.  Liveing  and  Dewar. 

'The  errors  in  this  column  are  those  which  result  when  the  constants  are  calcu- 
lated from  the  first  three  lines. 
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THE    SERIES    OF    M.\GNESIUM    TRIPLETS. 

For  the  middle  components  of  the  triplets  which  constitute 
the  first  subordinate  series  of  magnesium  lines  the  following  for- 
mulae have  been  derived  from  the  first  four  lines  of  the  series: 

126484.3 


Formula  \:  n  ^  39762.68  — 


Formula  II :  //  =  39790.41 


0.34427 
109684.5 


(?n  +  0.840)° —  0.06227 


Oscillation 
Frequen'cy  in 

O-C 
Formula  I 

o-c 

Formula  11 

o-c 

K.  &  R.'s 
Formula 
In  Tenth- 
Meters 

o-c 

Rvdberg's 

Vacuo 

In 
Frequency 

In  Tenth- 
Meters 

In 
Frequency 

In  Tenth- 
Meters 

In  Tenth- 
Meters 

26085.57 
32320.40 
35095.68 
36568.50 
37444-55 
38004.23 

(3)    0.00 

(4)+0.0I 

(5)     0.00 
(6)+o.oi 

(7)+2.29 

(8)+i.7' 

0.000 
— O.OOI 

0.000 
—  O.OOI 

—0.162 
-0.II8 

(2)+0.02 
(3)-0.0I 

(4)  0.00 

(5)  0.00 
(6)+i.67 

(7)+0.I2 

-0.003 

+0.001 

0.000 

0.000 

-0.II8 
—0.008 

—  O.OI 

—  O.OI 
+0.31 

0.00 

—0.41 
—0.46 

+0.5 

—  I.I 

—  0. 1 
-0.6 
+0.9 
+0-4 

For  the  least  refrangible  components  of  the  second  subor- 
dinate series  of  triplets  the  formulae  are: 

176665.9 


Formula  I  :  //  =  39699.68 

Formula  II  :   «  =  39794.75  — 


2.25379 
115447.6 


("'  +  0.555)^—0.89949 


0-  C 
Formula  I 

o-c 

Formula  II 

O-C 
K.  &  R.'s 
Formula 
(In  Tenth- 
Meters) 

o-c 

Rvdberg's 

Frequency 

In 
Frequency 

In  Tenth- 
Meters 

In 
Frequency 

In  Tenth- 
Meters 

(In  Tenth- 
Meters) 

(bl)  19285.44 
29960.21 
33978-46 
35941.23 
37047.87 
37734.99 

(3)  0.00 

(4)  — O.OI 
(5)-0.0I 

(6)+o.04 
(7)-o.i8 
(8)+i.8o 

00000" 

6  6  6  6  6  6 

++I  +  I 

{2)+0.03 
(3)-0.02 
(4)+0.0I 
(5)      0.00 

(6)-2.64 
(7)-4-76 

—O.onS 

+0.002 
-|-0.00I 
0.000 
+0.198 
+0.336 

+53-22 

—  0.03 
—0.05 

—  0.02 
+0.1 1 
+0.27 

+3.9 
-13.0 
—  2.2 
+2.5 
+3.8 
+4.8 

RVniiERG  S    SERIES    OF    MAGNESIUM. 

There  is  another  series  of  magnesium  lines  to  which  attention 
was  first  drawn  by  Rydberg'  for  which  the  formula:  of  Rydberg 

'  Ofversigl  a/  k'onsl.  Vet.-Akad.  Forhandl.     Stockholm,  1893. 
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and  of  Kayser  and  Runge  give  very  unsatisfactory  results.      For 
this  series  Rydberg  has  employed  the  modified  formula  : 


(ni  +  /u,)'       (///  +  /!)'■ 

It  is  interesting  to  find  that  the  new  formuh'E  may  be  applied 
to  the  series  without  change.  As  the  lines  are  somewhat  nebu- 
lous, it  is  possible  that  the  wave-lengths  of  the  more  refrangible 
members  of  the  series,  which  are  also  feeble  lines,  are  not  very 
precise,  and  in  fact  for  the  last  two  lines  the  limit  of  error  stated 
by  Kayser  and  Runge  is  i.o  tenth-meter. 


Formula  I :   «  =  26633,03  — 


8S847. 


w'-^s  +  2.10247 


Formula  II :  «  =  26601.49  — 


107071.4 


(/«  +  0.2304)=+  2.13282 


Oscillation 
Frequencv 

0 

FORV 

-  c 

ULAl 

0-  C 
Formula  II 

O-C 
Rydberc's 

IN  Vacuo 

In  Frequency 

In  Tenth-Meters 

In  Frequency 

In  Tenth-Meters 

Formula 

18082.33 
21255.70 
22970.71 
23986.85 
24633-15 
25074.10 

(3)-o.oi 

(4)  0.00 

(5)  0.00 
(6)— o.oi 
(7)-i.oi 
(8)+3.6i 

+0.003 
0.000 
0.000 
+0.002 
+0.170 
—  0.570 

(3)  0.00 

(4)  0.00 

(5)  0.00 

(6)  0.00 
(7)-o.53 
(8)+5.oo 

0.00 
0.00 
0.00 
0.00 
+0.09 
-0.79 

+0.019 

—  0.009 

—  0.004 
0.000 

+0.200 
— O.4SO 

THE  TWO  SUBOKDIN.ATE  SERIES  OF    HELIUM   DOUBLES. 

F"or  the  less  refrangible  components  of  the  first  subordinate 
series,  the  formula;  and  results  are  as  follows: 


Formula  I  :   «=  20222. 11 — — 

^  ,„2.0OI 


I    10093.6 


,^=«»5  _j_  0.00332 


Formula  II  :  «  =  29222.89  — 


109697.9 
(m  +  0.996)°  +  0.009151 
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0    c 

0-Ci 

O-C-2 

For MIL 

All 

Rydberg's 

Oscillation 
Frequency 

FORMIJLA 

FORMin.A 

In 

In  Tenth- 

Id 

In  Tenth- 

In  Fre- 

In Fre- 

In Tenth- 

Frequency 

Meters 

Frequency 

Meters 

quency 

Meters 

quency 

Meteis 

Dd  17014- 13 

(3)     ooo 

0.000 

(2)+0.02 

-0.007 

0.00 

0.00 

-9-43 

+3.263 

22356.97 

(4)  0 

00 

0 

000 

(3)-° 

01 

+0.002 

0 

00 

0 

00 

+2 

40 

-0.480 

24829.56 

(5)  0 

00 

0 

000 

(4)     0 

00 

0.000 

0 

00 

0 

00 

+0 

74 

-0.119 

a6l72.44 

(6)     0 

00 

0 

coo 

(5)     0 

00 

0.000 

—0 

13 

4-0 

02 

+0 

2=; 

—0.036 

26981.92 

(7)-o 

oS 

+0 

on 

f6)-o 

10 

+0.014 

—0 

39 

+0 

05 

01 

+0.001 

27507 ■ 23 

(8)-o 

II 

+0 

013 

7)-o 

16 

+0.021 

—0 

60 

+0 

oS 

—0 

12 

+0.014 

27867.34 

(9)-o 

12 

+0 

oi.'S 

(8)-o 

20 

+0.026 

—0 

7S 

+0 

10 

—  0 

17 

+0.022 

28124.73 

(lo)-o 

02 

+0 

003 

{9)-o 

43 

+0.054 

—  I 

00 

+0 

14 

— 0 

30 

+O.C46 

28315.49 

(ll)-O 

O'i 

+0 

006 

(lo)-o 

+0.026 

—  I 

+0 

13 

—0 

lO 

+0.020 

28460.56 

(l2)+0 

29 

045 

(ii)-o 

08 

+0.010 

—0 

94 

+0 

—0 

01 

+0.001 

28573  37 

(13)+° 

19 

—  0 

023 

(i2)-o 

+0.007 

—0 

09 

+0 

12 

+0 

03 

-0.004 

28662.74 

(i4)-!-o 

—0 

(i3)-o 

17 

+0.021 

—  I 

16 

+0 

14 

— 0 

08 

-fo.oio 

2873500 

(15.1+0 

20 

—  0 

024 

lJ4)-o 

+0.012 

- 1 

14 

+0 

14 

0 

00 

0.000 

28794.33 

(i6)+o 

48 

—  0 

057 

(.5)40 

IS 

—0.018 

-0 

93 

+0 

+0 

26 

—0.031 

28843.27 

(i7)-!-o 

—  0 

060 

(i6)+o 

-0.014 

—  0 

99 

+0 

12 

+0 

24 

—0.029 

28881.93 

Ii8)-i 

86 

+0 

222 

(i7)-2 

25 

+0.268 

-3 

39 

+0 

41 

—2 

12 

-fo.ass 

28919.43 

U9)+o 

94 

1,2 

(i8)+o 

53 

-0.063 

-0.64 

+0.08 

+0.66  1    — 0.079 

For  the  second  subordinate  series  the  formulae  for  the  less 

refrangible  components,  as  calculated  from  the  first   four  lines, 

are  as  follows  : 

142019 . o 
Formula    I:      «^29i76.95- 


Formula  II :     «  =  29227.  70  — 


'  —  o. 62765 
110377.6 


(ot  +  o.  724)'  —  0.099836 


_ 

0- 

-C          1           Cl- 

-Ci 

,.   ^-^"- 

K.  &  R.'s  For- 

FORMUl 

A  I 

FORMUL. 

\  u 

Frequency 
m  Vacuo 

In   Fre- 

InTenth- 

In  Fre- 

In Tenth- 

In  Pre- 

in 
Tenth- 
Meters 

In  Fre- 

In  Tenth- 

quency 

Meters 

quency 

Meters 

quency 

quency 

Meters 

14149-48 

(3)+  0.01 

-0.005 

(2 

-002 

+0.0.1 

—47  85 

+24-00 

-44.86 

+22,660 

21210.94 

(4        0.00 

0 

000 

(3 

+0 

01 

— 0.002 

0 

00 

0 

00 

70 

--  1.500 
--  0.241 

24259-39 

5)      0.00 

0 

000 

(4 

—  0 

01 

+0.002 

0 

00 

0 

00 

—  I 

41 

25848.5s 

(6)      0.00 

0 

000 

(5 

0 

00 

0.000 

0 

00 

0 

00 

—  0 

16 

--  0.024 

26780,61 

(7)+  0.84 

—0 

117 

6 

—  0 

36 

+0.050 

+ 1 

38 

—      0 

19 

+  0 

XI 

—  0,01s 

27373-71 

(8)--  1.27 

—0 

168 

(7 

— 0 

78 

+0.103 

+  3 

44 

—     0 

46 

+  0 

18 

—  0,024 

27774.08 

(9)--  4.04 

— 0 

■524 

(8 

—  I 

44 

+0.187 

+  s 

37 

—     0 

70 

0 

03 

+  0,004 

28057.39 

f.o)-  6.35 

—0 

807 

(9 

—  1 

7S 

+0.222 

+  7 

51 

—     0 

9.S 

+  0 

05 

-  0.006 

28264.92 

(ti)-8.5S 

— I 

064 

—  2 

40 

+0.299 

+  9 

—      I 

0 

03 

+  0.004 

28421,47 

(,2)-io.64 

—  I 

324 

(11 

—  2 

62 

+0.326 

+10 

76 

—      1 

33 

0 

■  7 

+  0.024 

28543.27 

(I3)--I3.4i 

—  I 

634 

(12 

—  2 

2'; 

+0.274 

+12 

82 

—      I 

57 

+  0 

47 

—  0.057 

28638.93 

(I4)--I5-3I 

—  I 

865 

(13 

—  2 

43 

+0.296 

+  <4 

10 

—      1 

72 

+  0 

52 

-0.063 

28714.373 

(l5)+i5-99 

-1.948 

(14 

-3-97 

+0.484 

+  ■3-85 

-  ..69 

—  0.82 

+  0.100 

'  For  all  the  helium  series  Runge  and  Paschen  use  the  formula  : 
„  ^  ^  _  :^  _  .£  . 

'  Rydberg  does  not  appear  to  have  published  calculations  for  the  helium  lines, 
but  he  has  published  statements  of  the  convergence  frequencies  of  the  series  (Astro- 
physical  Journal,  4,  94,  1S96)  and  of  the  values  of  the  term  m  in  his  equation 
(Iliid.,  6,  234,  1897).     By  making  use  of  these  we  get  for  this  series  the  formula 

109675 

71  =  29222.70  —  :; i —-T, — ;  , 

(w-)- 0.996084)' 

and  it  is  from  this  that  the  tabulated  errors  have  been  derived. 

3  Marked  "doubtful"  in  Runge  and  Paschen's  table. 

*See  note  to  previous  table;  the  errors  stated  have  been  calculated  from  the  equa- 
tion ,  109675 


K  =  29222.63  ■ 


(ot  +  0,701464)' 
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GENERAL    DISCUSSION. 

The  foregoing  examples  suffice  to  demonstrate  that  series 
which  present  great  departures  from  calculation  when  the  older 
formulae  are  emploN-ed  can  be  better  represented  by  either  of  the 
two  formulas  investigated,  but  few  of  them  permit  a  final  com- 
parison of  their  relative  merits  or  of  the  ultimate  accuracy  of 
which  they  are  capable.  In  some  of  the  series  there  are  proba- 
bly small  errors  of  observation  which  account  in  part  for  differ- 
ences between  the  observed  and  calculated  fre(]uencies,  and  in 
most  of  them  comparativel}-  few  lines  have  been  traced.  For 
helium,  however,  the  case  is  different ;  many  lines  have  been 
observed,  and  as  they  are  also  well  defined,  the  positions  deter- 
mined by  Runge  and  Paschen  are  probably  accurate  to  a  high 
degree. 

All   the  helium  series  are  not,  however,  well  adapted  to  test 

the  different  formulae.     The  first  subordinate  series  of  doubles, 

for  example,  is  very  closely  represented  even  by  the  simplest 

generalization  of  Balmer's   formula   for  hydrogen,  the  equation 

calculated  from  lines  for  which  m  has  the  values  3,  4,  5,  being 

loqqoi .  -in 
«=  29225.58 -\~-  ■ 

With  this  formula  the  differences  between  the  observed  and 
calculated  frequencies  for  values  of  m  as  far  as  17  do  not  differ 
by  more  than  2.13.  As  all  the  formulae  under  investigation  arc 
attempted  generalizations  of  Balmer's  law,  it  is  clear  that  such  a 
series  as  this  cannot  be  effectively  employed  for  their  compari- 
son, and  it  will  be  seen  by  reference  to  the  table  that  the  differ- 
ences between  the  observed  and  calculated  frequencies  are  very 
small  throughout.  It  is  the  second  subordinate  series  of  double 
lines  of  helium  which  at  present  permits  the  best  comparison  of 
the  formulas. 

From  the  table  already  given  for  this  series  it  appears  that 
Formula  I,  when  calculated  for  the  first  four  lines,  gives  errors 
comparable  with  those  of  Kayser  and  Runge's  formula  for  lines 
corresponding  to  the  greater  values  of  m,  but  has  the  advantage 
of  correcting  the  large  error  in  the  case  of  the  first  line.  Still, 
this  cannot   be   considered    an   accurate   formula   for  the  series^ 
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especially  as  the  convergence  frequency  is  notably  smaller  than 
that  derived  from  the  first  subordinate  series.  Nevertheless  it 
is  instructive  to  observe  the  effect  of  calculating  the  constants 
from  lines  more  widely  separated  than  the  first  four;  taking 
lines  for  which  w  =:  3,  4,  6,  and  8,  we  get  equation  \b  stated 
at  the  head  of  the  following  table.  Again,  reducing  p  to  2.09 
and  calculating  the  other  constants  from  the  first  three  lines,  we 
get  equation  \c. 

The  results  are  as  follows : 

142019.0 


Formulaic.-  «  =  29176.95 
Formula  I(^.-  //  =  29189.83 
Formula  !<:.•     n  —  2C)2oo.ii 


=""—  0.62765  ■ 

140337-9 
=  0947  _  0.65602 

139489-5 
-■^-0.66775  ' 


Oscillation 

O-C 

O-C 

O-C 

Frequency  in 

Formula  \a 

Formula  \h 

FORMUL.4  \c 

Vacuo 

In  Frequency 

In  Frequency 

In  Frequency 

14149.48 

+   O.OI' 

—  0.02' 

0.00' 

21210.94 

0.00' 

+0.02' 

0.00' 

24259-39 

0.00' 

+0.61 

.    0.00' 

25848.55 

0.00' 

—  O.OI' 

-1.66 

26780.61 

+    0.84 

—0.36 

-3-13 

27373-71 

+    1.27 

0.00' 

-3-76 

27774.08 

+  4-04 

-1.62 

-3-96 

28057.39 

+   6.35 

+1-98 

-3-38 

28264.92 

+  8.55 

+3-31 

-2.67 

28421 .47 

+  10.64 

+4.64 

-1.86 

28543-27 

+  13-41 

+6.67 

—  0.20 

28638.93 

+  15.31 

+8.23 

+0.89 

28714.37 

+  15-99 

+8.26 

+0.59 

The  errors  may  in  this  way  be  generally  reduced  and  differ- 
ently distributed,  but  it  is  clear  that  the  series  cannot  be  repre- 
sented by  Formula  I  with  an  accuracy  equal  to  the  probable 
accuracy  of  the  observations. 

For  the  same  series,  Formula  II,  as  derived  from  the  first  four 
lines,  is  decidedly  more  accurate  than  Formula  I  derived  from 
the  same  four  lines,  and  the  convergence  frequency  is  also  very 
nearly  equal  to  that  of  the  first  subordinate  series.  The  regular 
increase  in  the  ditTercnces  0  —  C  suggests  that  the  formula  might 

■  Used  in  calculation  of  constants. 


FORMULA  FOR  SPECTRUM  SERIES  3 1 

be  improved  by  taking  a  value  of  fx  slightlv  different  from  that 

given  by  the  first  four  lines.     Thus,  by  calculating  the  constants 

from  lines  for  which  m^2,  3,  5,  and  7,  the  value  of  fj.  becomes 

0.716,  and  the  equation  derived  is 

1 10040.6 

//=  29224.24— ^ —  . 

(w  +  0.716)-  —  0.07766 

Here   the  convergence   frequency  differs  very   slightly  from 

that  of  the  first  subordinate  series,  and  the  differences  0—  Care 

greatly  reduced,  as  shown  in  the  following  table : 


Observed  Fre- 

0 

-C 
11  Above 

In  Frequency 

In  Tenth-Meters 

14149.48 

—  O.OI 

+0.005 

21210.94 

0.00 

0.000 

24259-39 

—  0.24 

0.041 

25848.55 

0.00 

0.000 

26780.61 

+0.03 

—  0.004 

27373-71 

0.00 

0.000 

27774-08 

-0.28 

+0.036 

28057.39 

-0.32 

+0.041 

28264.92 

-0.49 

+0.061 

28421.47 

-0.72 

+0.091 

28543-27 

-0.17 

+0.021 

28638.93 

—  0.20 

+0.024 

28714-37 

-I. 61 

+0. 196 

The  differences  between  calculation  and  observation  thus 
become  almost  insignificant,  never  amounting  to  more  than  o.i 
tenth-meter,  except  in  the  case  of  the  last  line,  which  is  marked 
■"  doubtful  "  by  Kayser  and  Runge. 

Of  the  other  examples  given,  the  principal  series  of  potassium 
is  about  the  only  one  which  is  sufficiently  extended  to  be  used 
in  a  minute  comparison  of  the  formulas,  but  in  this  case  the 
wave-length  determinations  are  probably  much  less  precise  than 
those  of  helium.  From  the  table  already  given  it  will  be  seen 
that  when  the  constants  are  determined  from  the  first  four  lines, 
the  two  formulae  investigated  in  this  paper  represent  the  series 
with  almost  equal  accuracy,  and  much  more  closely  than  the 
older  formulae.  As  in  the  case  of  the  second  subordinate  scries 
of  helium,  however,  it  is  found  that  changes  in  the  constants  of 
Formula  I  do  not  result  in  cpiite  so  accurate  a  representation  of 
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the  series  as  can  be  obtained  by  a  change  of  constants  in  Formula 
11.  Thus  by  calculating  the  constants  of  the  latter  from  the 
first,  second,  fourth,  and  six  lines,  we  get  the  equation  : 

.  113919-3  . 

(OT +  0.430)- ^0.7380 

and  the  differences  0  —  C  compared  with  the  limits  of  error  of 
observation  stated  by  Kayser  and  Runge  are  as  follows : 


OaSERVED  Fbe- 

o-c 

Limit  of  Error 

QUKNCV  IN 

In  Frequency 

InTenth-Meters 

12984.69 

+0-99 

-0.58 

5.00 

24700.46 

—  0.06 

+0.01 

0.03 

28998.41 

-1.59 

^0.19 

0.03 

3IO6S.72 

—  0.04 

+0.004 

0.03 

32224.22 

-1.96 

+0.19 

0.  10 

32940.18 

+0.11 

—  O.OI 

0.  10 

33409.17 

-2.58 

+0-23 

0.15 

33736-46 

-3-35 

-rO.29 

0.20 

33971-45 

-5.80 

+0.50 

I  .00 

When  the  errors  are  distributed  in  this  way,  it  will  be  seen 
that  they  are  on  the  whole  scarcely  too  great  to  be  considered 
as  arising  from  errors  of  observation. 

The  general  result  of  the  comparison,  therefore,  is  that,  while 
both  the  formulae  investigated  represent  the  obser%'ed  series 
very  closely,  the  most  accurate  general  formula  appears  to  be: 

C 
{m  +  11.)-  —  ;«„ 

With  this  formula,  if  the  constants  are  calculated  so  as  to 
distribute  the  errors,  the  computed  differ  from  the  observed 
positions  by  amounts  which  perhaps  do  not  exceed  the  probable 
errors  of  the  observations  at  present  available. 

Royal  College  of  Science,  London, 
March  30,  1903. 


THE  VARIABLE    STAR   6871    V  LYRAE. 

By  J.    A.    P  A  R  K  H  U  R  S  T. 

The  variability  of  this  star  was  announced  by  Anderson  in 
1895',  this  being  one  of  many  variables  which  are  very  faint  for 
the  greater  part  of  their  period,  and  yet  have  been  detected  by 
this  careful  observer  with  telescopes  of  two  and  three  inches  aper- 
ture. In  the  place  just  cited,  magnitudes  are  given  from  the 
Harvard  photographs  from  July  24,  1892,  to  October  6,  1894. 
Visual  observations  have  been  published  by  Yendcll,''  H.  M. 
Parkhurst,3  and  the  writer,''  covering  the  maxima  of  each  year 
from  1893  to  1900,  inclusive.  Approximate  data  for  the  minima 
of  1899  and  1900  are  given  in  the  last  reference.  Photometric 
magnitudes  of  comparison  stars  brighter  than  the  twelfth  magni- 
tude have  also  been  published  by  H.  M.  Parkhurst,^  with  which 
those  given  in  this  paper  are  in  fair  agreement. 

INSTRUMENTS. 

These  are  the  same  as  given  in  my  paper  on  X  Cepliei^ — a 
157mm  reflector,  a  305  mm,  and  the  loi  cm  refractor  of  the 
Yerkes  Observatory ;  the  equalizing  wedge  photometer  being 
attached  to  each  of  these  instruments.  The  photograph  of  the 
field  reproduced  in  Plate  I  was  taken  November  30,  1902,  with 
an  exposure  of  thirty-si.x  minutes,  from  6"  24™  to  7''  o"*  Central 
Standard  Time.  The  faintest  stars  shown  on  the  plate  are  about 
16.5  magnitude,  though  none  fainter  than  e,  1 5.80  magnitude, 
have  been  measured  in  this  field. 

POSITION    OF    THE     VARIABLE. 

The  variable  was  connected  on  two  nights  with  the   compari- 
son stars  a,   b,  and    c,   whose   Dunhmiisteruiig  numbers   will    be 
'A.  A'.,  137,  235. 

^ Astronomical Joitmal^  15,  157,  1S95;  17,  27,  1896. 
^Ibid.,  17,  65,  1897;  18,  100,  1897;  19,  190,  1899. 
*Ibid.,\-j,io2,  1897;  18,142,  1898;  AsTROi'HYsicAL  Journal,  14,  174,1901. 

ilbid.,  17,  65,  1897.  'ASTROI'HYSICAL  JOURNAL,  17,  48,  I903. 
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found  in  Table  II.  The  places  of  these  stars  for  1875  were 
taken  from  the  Cambridge,  England,  Astronomischc  Gcscllscluift 
Catalogue.     The  results  were  as  follows  : 


Star 

" 

b 

^ 

R.A.  IS7=; 
AR.A. 
R.A.  V 

19 

4 

1*02 
9-93 
10.95 

4" 

+0 

4 

8^51 
3-27 
11.78 

4" 

+0 

4 

10*  80 
0.30 
II.  10 

Mean  K  1S75 

19 

4 

11.28 

Dec,  1875 
A  Dec. 

V 

+29° 
+29 

36' 
-8 
27 

1 6. '2 

42.4 
33.8 

42' 

-15 

27 

43-9 
10.5 
.33-4 

17' 

+9 

27 

48:7 
43-3 
3S-0 

Mean  F1S75 

+29 

27 

33-1 

For  convenience  the  following  are  added : 

POSITION     OF     6871      V   LYRAE 

R.A.   19"  3"-  24!5.Dec.  +29^   25'    42"   (1855). 
5      9-9.  29     52     (1900). 

COMPARISON    STARS. 

The  numerical  data  for  the  comparison  stars  are  given  in 
Tables  I  and  II,  which  require  little  explanation.  The  positions 
of  all  the  stars  are  shown  on  the  chart.  The  co-ordinates  from 
the  variable  for  the  stars  brighter  than  twelfth  magnitude  were 
measured  with  the  filar  micrometer  on  the  6-inch  reflector;  the 
faint  stars  near  the  variable  were  measured  with  the  40-inch 
refractor,  and  all  positions  were  checked  from  the  photograph. 
The  light  scale  was  formed  in  the  usual  manner,  from  compari- 
sons of  the  variable  by  Argelander's  method  ;  the  results  are 
given  in  the  fourth  column.  The  zero  point  of  this  scale,  the 
star  e,  is  not  the  limit  of  vision  of  the  40-inch  refractor,  but 
simply  the  faintest  star  needed  in  the  visual  comparisons.  The 
fifth  column  shows  the  results  of  the  photometer  measures  which 
are  given  in  detail  in  Table  III. 

The  photometric  magnitudes  are  based  on  the  following 
standard  stars: 


I'l.ATH    1. 
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B.D. 

1855 

Magnitudes 

Star 

No. 

Mag. 

R.A. 

Dec. 

P.DM. 

Harvard 

24 

45 

A 
B 

C 

+29°   3472 
+30      3425 
+30     3438 

6.5 
7.8 
7.0 

\<f'  0™      7^6 
I      54-4 
3     14-7 

+29° 
+30 
+  30 

4  I. '9 
I  .0 

4.4 

6.45 
6.94 

6.46 
8.06 
6.86 

6.77 

6.90 

The  magnitudes  in  the  last  three  columns  are,  respectively, 
from  the  Potsdam  Photometric  Durclwmstcning,  Harvard  College 
Observatory,  Vol.  24  [Mendia?i  Photometry),  and  Vol.  45  {Photo- 
metric Durchmiisterufig) .  The  magnitudes  used  were  those  of 
Harvard  24,  as  it  contained  all  three  of  the  stars  and  differed 
but  little  from  the  P.DM,  the  difference  in  the  systems  being 
only  0.035  niag.  In  the  sixth  column  of  Table  I  are  given  the 
magnitudes  of  such  of  the  stars  as  were  not  measured  with  the 
photometer.  These  were  read  off  from  the  "  Magnitude  Curve," 
Fig.  I,  in  a  manner  to  be  described  later. 

TABLE  I. 

Comparison  Stars  for  T  Lyrae.     In  order  of  Right  Ascension. 


1 

Co-OBUINATES 
FROM    V 

Light 

Magnitude 

1 

Co-ordinates 

FROM   V 

Light 
Scale 

Magnitude 

R.A. 

Dec. 

Scale 

Meas- 
ured 

From 
Curve 

R.A. 

Dec 

Meas- 
ured 

From 
Curve 

I 

r 
t 
g 

? 
k 

I 

-70 
-45 
-44 
-38 
-31 

-25 

-17 

-  7 

-  5 

-  5 

+  8     43 
-II     54 

-  3    49 
+  2    24 
+  2    40 

Xwi 
-  0  52 

+ 1 42 
+17  48 
+  3  49 

-  0    so 

ste 

37 
28 
28 

19 

25 
23 

27 

15 

7 

6 
4 

4 
3 

8.2Q 

9-35 
11.18 

11.91 

12!  88 
15:80 

b 

1 
d 

y 
1 

+  1 

+  I 
+  3 
+  8 
+  8 
+40 

-  0    25 

-  6     26 
+15     II 
+  4    36 
+  0    35 

-  9     43 

+  2     \\ 

-  8      8 
+  0     59 

-  0      3 

-  0    29 
+12    00 

steps 
IS 
29.2 
44.3 
26.0 

35-9 
8.0 

3^-8 

i?:I 
37.0 

15.60 
■8:54 

14.76 
13 -35 

ijioS 
9.81 

11.27 
14:8' 

io^So 

14.70 

Table  II  gives  the  Diirchmtt sterling  numbers  of  part  of  the 
stars,  also  a  comparison  between  the  Durchmiisteriing  magnitudes 
and  the  photometric  measures  of  H.  M.  Parkhurst  and  the 
■writer.     There  is  a  systematic  difference  of    about  0.15    mag. 
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between  the  two  latter,  which  can  be  explained  by  the  fact  that 
they  are  based  on  a  different  set  of  Meridian  Photometer  stars. 
Besides  this,  there  is  a  difference  of  0.60  mag.  in  the  star  b, 
which  has  a  range  of  over  a  magnitude  from  the  Durchmustcrung 
\-alue.  The  photographic  magnitude  of  b  is  about  9.2,  showing 
a  considerable  color  and  probable  fluctuations  or  variation. 


T.A.BLE    II. 
Comparison  with  the  Durchmusterung  and  Measures  by  H.  M.  Parkhurst. 


Star 

"  DUKCHMUSTERUNG  " 

H.  M. 

Parkhurst 

J.  A.  Parkhurst 

Number 

Mag. 

Letter 

Mag. 

a 

+29°   3483 

8.0 

8.29 

0 

3486 

9-2     , 

9-35 

I 

3490 

8.4 

b 

3492 

8.1 

/ 

9.14 

8.54 

c 

3493 

9-3 

IX 

9.91 

10.05 

d 

3494 

9-5 

z 

10.70 

10.80 

m 

+29     3498 

9.2 

w 

9.67 

9.81 

f 

b 

10.97 

II. 18 

h 

c 

II  .02 

11.40 

S 

a 

10.95 

11.22 

e 

e 

I  I.  28 

11.27 

The  photometric  measures  of  the  comparison  stars  are  given 
in  Table  III.  The  arrangement  of  this  table  and  the  methods  of 
reduction  are  similar  to  those  in  my  previous  paper  on  X  Cephci. 
For  convenience  I  will  repeat  here  that  the  stars  used  as 
standards  are  given  first  in  each  part  of  the  table,  with  their 
magnitudes  in  bold-faced  type.  The  mean  of  the  scale  readings 
and  the  mean  of  the  magnitudes  of  these  standard  stars  are  taken 
as  the  zero  points.  For  the  stars  whose  magnitudes  are  sought, 
the  difference  in  scale  readings  is  converted  into  magnitudes 
by  the  use  of  the  wedge  constant  given  at  the  foot  of  each  set, 
and  added  to  the  zero  magnitude,  giving  the  quantities  in  the 
last  column.  The  magnitudes  of  the  comparison  stars  brighter 
than  1 1.5  were  measured  with  the  6-  and  12-inch  telescopes,  and 
the  mean  of  the  results  given  after  the  set  for  October  5,  1902. 
From  these  as  standards,  the  stars  «  and  k  were  measured  with 
the  12-inch,  and  finally  the  four  fainter  stars  were  measured  with 
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the  40-inch.  The  set  of  measures  made  October  5,  1902, 
requires  explanation,  since  a  cell  holding  two  absorption  glasses 
was  interposed  in  the  cone  of  rays  of  the  real  star  while  measur- 
ing the  standards  A,  B,  and  C.  The  absorption  caused  by  these 
two  glasses  has  been  measured  by  standard  stars  and  also  by  the 
"wheel  photometer,"  the  resulting  value,  1.70  mag.,  being  used 
in  this  work.  The  mean  magnitude  of  the  three  standard  stars, 
7.13,  becomes  8.83  when  the  absorption  glasses  are  used.  It 
will  be  seen  that  the  results  are  in  good  accord  with  those  taken 
without  the  absorption  glasses. 


TABLE  III. 


1900,  August  4  ;  6-inch. 


Wedge  11. 


Scale  Readings 

Mean 

Star 

Scale 
Reading 

Magnitude 

First 

Second 

A 

II. 8 

10.5     10.5       8.8 

12.2 

9-9 

10.9 

II  .0 

10.60 

6.46 

B 

20.0 

20. g    21.2    20.1 

22.2 

22.0 

20.9 

21.5 

21  .  12 

8.06 

C 

15.0 

14. I     14. 8     14.4 

14.9 

13. 1 

14.2 

131 

14.20 

6.86 

a 

25.2 

23.6     24.2     2^.9 

23.6 

22.8 

23 -s 

22.0 

23.64 

8.21 

b 

25.0 

25.0     25.3     25.2 

24.2 

24.6 

24.7 

25.9 

24.99 

8.39 

m 

37-2 

35.1     36-1     35-7 

34-1 

.33-9 

34-6 

33-0 

35-04 

9.70 

c 

34-4 

363     37-0     35-9 

37-2 

3«-9 

37.7 

37-9 

37-04 

9.96 

0 

32-9 

29.2     30.9     32.6 

32-4 

31-9 

319 

31.9 

31-72 

9.26 

Wedge  constant,  0.130  mag. 


1900,  October  13  ;  6-inch. 


Wedge  II;  seeing  fine. 


c 

12.2 

10. 0 

9-5 

9-8 

8.8 

8.2 

9-75 

6.86 

B 

17.8 

18.8 

■9-5 

17. 1 

17.2 

17-3 

17-95 

8.06 

a 

20. 1 

21. 1 

20.9 

21,0 

21.2 

21 .9 

21.04 

8.. 39 

b 

23-9 

23-5 

24.2 

22.5 

24-3 

22.1 

23.42 

8.70 

m 

33.5 

32.6 

33-0 

32-3 

32-2 

32.6 

32.70 

9.91 

c 

35-0 

,34-8 

34-7 

33-0 

34-0 

35-0 

34-42 

10.13 

0 

29.1 

28.3 

28.8 

28.0 

29-9 

30.1 

29-03 

9-43 

e 

42.9 

45-1 

43-5 

43-83 

U.36 

f 

42.0 

43-2 

43-3 

42.50 

II. 18 

k 

48.5 

50.7 

50.2 

49.80 

12.13 

V 

36.7 

39-3 

37-5 

37-83 

10.38 

Wedge  constant,  0.130  mag. 
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TABLE  III— Coiiliniud. 
1902,  October  5  ;   12-inch.  Wedge  V;  seeing  good. 


c 

12.0 

13-1 

II. 8 

12-3 

13.0 

12.7 

12.49 

6.86 

Ba 

17.8 

IS.S 

18.2 

21 .0 

20.5 

19.9 

19.32 

8.06 

Aa 

9.2 

9.1 

9-1 

lO.O 

9.1 

8.8 

9.22 

6.46 

S 

35-0 

34-4 

35-7 

33-0 

33-0 

33-3 

34-07 

11.07 

9 

41.2 

42. 8 

42.4 

43-3 

42.0 

41.8 

42.25 

11.97 

k 

40.7 

40.0 

40.9 

38. 5 

38.3 

38.9 

39-55 

11.68 

K 

43-1 

44-5 

44.0 

41-3 

40.5 

40.3 

42.35 

11.98 

b 

10.6 

10.3 

II. 0 

II. 2 

II. 8 

II. 2 

11.02 

8.54 

a 

8.8 

9-8 

8.3 

8.8 

8.7 

7.8 

8.70 

8.28 

V 

49-9 

50,2 

49.8 

49.1 

48.7 

48. 0 

49-29 

12.75 

Wedge  constant,  o.iio  mag. 


RESULTING   MAGNITUDES    FROM    MEASURES   WITH    6-   AND    12-INCH. 


Star 

1900 
Aug.  4 

IQOO 

Oct.  13 

1902 
Oct.  5 

Mean 

a 
b 
0 

/ 

S 

8 
8 
9 
9 
9 

21 

39 
26 

70 
96 

8.39 
8.70 
9-43 
9.91 
10.13 
II. 18 
11.36 

8.28 
8.54 

11.07 

8.29 
S.54 

9-35 
9-81 
10.05 
II. IS 
11.22 

1900,  October  17  ;   12-inch. 


Wedge  II;  seeing  fair. 


Star 

Scale  Readings 

Mean 
Scale 
Reading 

Magnitude 

First 

Second 

b 

20.4 

19.6 

19.9 

20.9 

20.5 

19.5 

20. 14 

8  54 

m 

31-7 

29-3 

29.0 

32.7 

30.0 

30.6 

30.55 

9.81 

c 

33-1 

33-9 

32.2 

35-0 

.?4-l 

35-0 

33.98 

10.05 

0 

25.0 

25.1 

24.7 

24.8 

23-8 

25.0 

24-73 

9-35 

n 

k 
u 

48.9 
45-5 
61. s 

49-6 
46.7 
59.8 

47.8 
46.3 
62.1 

5'-3 
46.8 

51.0 
46.2 

49.8 
43-8 

49-90 
45.89 
61.13 

12.37 
n.83 
13-83 

V 

35-7 

35-4 

35-1 

35-40 

10.48 

Wedge  constant,  0.130  mag. 
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:902,  May  14;   12-inch. 
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Wedge  V;  seeing  good. 


a 

14-5 

15.2 

15. 1 

15.0 

15.2 

J5-7 

15.12 

8.29 

6 

18. S 

iS.S 

18.9 

■7.5 

17.7 

17.7 

18.23 

8-54 

m 

29.9 

30.1 

30.1 

29.0 

29.2 

29.9 

29.70 

9.81 

c 

35-3 

35-4 

36-3 

35-0 

35-0 

34-2 

35.20 

10.05 

n 

52.8 

53-4 

52.8 

Si-9 

52 -.S 

52.3 

52.62 

12.26 

k 

50.7 

51.2 

50.1 

49.2 

49-5 

50.1 

50.14 

11.98 

Wedge  constant,  0. 1 10  mag. 


RESULTING    .\I.\GNITUDES    FROM    MEASURES    WITH    6-  AND    12-INCH. 


Star 

1900 
Oct.  13 

1902 
Oct.  5 

1900 
Oct.  17 

igo2 
May  14 

Mean 

n 

k 

12.13 

11.98 
II. 6S 

12.37 
II  .83 

12.26 
I  I.  98 

12.20 
II. 91 

I9C0,  July  20;  40-inch. 


Wedge  II ;  seeing  very  fine. 


Scale  Readings 

Mean 

Scale 

Reading 

.Magniti;de 

First 

Second 

n 

e 
k 

z 
S 

■n 

24.1     24.  c     23.0 
18.5     19.0    20.7 
26.9    24.3    24.0 

31. I     32.2    33.2 

46.0  46.7     47.5 

57.1  52.0    52.2 
36.4    340    35-1 

23.0 
19.8 
25.0 

35-0 
47-9 
51.2 
34-0 

22.0 
54.5 

24.1      24.0     23.0 

23-47 
19.50 
25.05 

32.88 
47-05 
53-40 
34-88 

12-20 

11.22 
II. 91 

13. II 

14.95 
15.69 

13-37 

Wedge  constant.  0. 130  ma 


1900,  October  17,  40-inch. 


Wedge  II ;  seeing  poor. 


« 

32.5 

32.9 

34.0 

31-4 

28.1 

30-9 

31-63 

12.20 

k 

28.0 

30.0 

30-9 

31.0 

30.0 

30-9 

30-13 

II.  91 

V 

41.6 

41-8 

40.5 

39.7 

39-6 

40.8 

41.30 

13.32 

s 

53-0 

54-8 

55-2 

61.0 

59-6 

58-5 

57-02 

15.51 

z 

Si-3 

SI. 4 

51-5 

47-5 

48.9 

50.9 

50.25 

14-57 

u 

38.1 

39.2 

38-9 

38-5 

37-3 

39-6 

38 .  60 

13-05 

V 

II  .0 

15.0 

15.0 

l3-67± 

9-8    ± 

Wedge  constant,  0. 130  mag. 
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TABLE  \\\— Continued. 
RESULTING   MAGNITUDES.      FROM   MEASURES   WITH    40-INCH. 


Star 

1900 
Oct.  17 

1900 

July  =>o 

Jlean 

1; 

5 

13-05 
13-32 

14-57 
15.51 

13. II 

13-37 
14-95 
15.69 

13.08 
13-35 
14.76 
15.60 

No  correction  for  differing  zenith  distance  has  been  applied 
to  these  measures,  since  even  in  case  of  the  most  distant  com- 
parison stars,  A,  B,  and  C,  the  distance  would  differ  by  less 
than  half  a  degree,  giving  a  correction  of  less  than  o.oi  mag.'at 
the  altitude  at  which  the  measures  were  made.  For  the  fainter 
standards  the  correction  would  be  still  smaller. 


JIAGNITUDE    CUR\'E. 


Fig.  I  is  platted  with  the  photometric  magnitudes  as  abscissae 
and    the    positions    in    the    light-scale    as    ordinates,   giving    the 


6871   V  LYRAE  4 1 

points  indicated  by  the  round  dots.  Through  these  the  smooth 
curve  was  drawn  and  on  this  curve  the  stars  not  measured  with 
the  photometer  were  entered  from  their  positions  in  the  light 
scale,  the  places  being  indicated  by  crosses.  The  average  dis- 
tance between  the  platted  points  and  the  curve  is  o.ii  magni- 
tude, the  greatest  residual  being  for  the  star  g,  0.30.  This 
depends  on  the  measures  of  only  two  nights.  Omitting  this 
star,  the  mean  residual  is  reduced  to  0.09.  The  mean  value  of 
one  step  is  0.16  magnitude,  and  is  essentiallv  the  same  with  the 
different  apertures. 

VISUAL    OBSERVATIONS    OF    THE    VARIABLE. 

The  visual  comparisons  by  Argelander's  method,  and  reduc- 
tions to  magnitudes,  are  given  in  Table  IV,  which  should  be 
printed  as  a  double-page  table,  the  comparisons  on  the  left  and 
the  corresponding  reductions  on  the  right,  For  convenience  the 
current  number  is  repeated  on  the  right-hand  page.  When  the 
variable  w"as  invisible,  the  limit  of  vision  was  estimated  from  the 
faintest  comparison  star  seen,  and  placed  in  the  mean-step 
column,  preceded  by  the  inequality  sign,  which  is  read  "fainter 
than"  the  quantity  following.  The  limit  of  vision  from  these 
observations  is  13.24  for  the  6-inch,  and  14.76  (perhaps,  the 
record  is  "  1900,  April  4,  12-inch,  power  275,  ^r  glimpsed)  for  the 
12-inch. 

THE    LIGHT-CURVE. 

In  Fig.  2  the  observed  magnitudes  are  platted,  showing  the 
star's  variations  from  1896  to  1903.  The  magnitudes  at  maxi- 
mum vary  from  9.0  to  10. 5,  while  only  one  minimum,  that  of 
June  4,  1900,  is  well  enough  observed  to  determine  the  limit, 
15.4  magnitude.  A  single  observation  near  the  following  mini- 
mum, July  9,  1901,  at  15.0  magnitude,  confirms  the  first,  as  far 
as  it  goes.  *• 
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TABLE  IV. 

6871   V  Lyrac. 

Comparisons  of  the  Variable  by  Argelander's  Metliod. 


Date 

< 
.J 

Co«...so.s 

No. 

Day 

Month 

Day 

Hour 

0 

< 

1896 

C.  S.  T. 

G.  M.  T. 

I 

Sept. 

22 

3825 

80 

6 

c  2  v,v  i,  d 

2 

30 

7 

3S33-5 

40 

6 

c  \  v.v  a,  d 

3 

Oct. 

6 

7 

3839-5 

40 

6 

c  2  v,v  3-4  d 

4 

13 

7 

3846.5 

40 

6 

c  01  V,  V  t  d,  m  2  V 

5 

21 

8 

3854.6 

40 

6 

V  2  C,  »l    I    V,  0   T,V 

6 

Nov. 

4 

7 

3868.5 

40 

6 

m  4-5  V,  c  2  V,  V  n  d 

7 

12 

7 

3876. 5 j 

40 
150 

6 
6 

vd 

C^V,V2d,  vtg 

\. 

8 

26 

7 

3890. 5  1 

150 
150 

6 
6 

d  I  V,  V  S  '1  V  I  A,  V  2  g 
k  2  n^n  T,  q,q2  r 

9 

Dec. 

9 

3903 

150 

6 

e  \  v,v  e,v  3-4  «,  h  I  V 

10 

1897 

23 

6 

3917-5 

150 

6 

V  \-2  e,  V  g,  V  ■>,  n 

II 

Jan. 

9 

6 

.3934  -  5 

80 

6 

V  not  seen 

12 

May 

25 

9 

4070.6 

150 

6 

V  not  seen 

13 

July 

I 

9 

4107-6 

150 

6 

V  not  seen 

14 

26 

9 

4132.6 

150 

6 

V  not  seen 

IS 

Aug. 

27 

8 

4164.6 

150 

6 

q  2  V,  V  o-l  r 

16 

Sept 

16 

7 

4184.5 

150 

6 

g  \  v,v  e,v  t>  k,  k  T,q 

17 

20 

4188 

150 

6 

d  1-2  v,v  2-3  g,  V  6-8  q 

18 

25 

4193      1 

40 
150 

6 
6 

V  h,v  o-l  g,f  1  V 

V  2  g,  V  I  f,  d  V 

ig 

Oct. 

I 

7 

4199-5  1 

40 
150 

6 
6 

f  3-4  w,  </  I  v,v  ^g 

c  \  V,  d  I  V,  V  \  g,  V  T,  f 

20 

7 

7 

4205.5  j 

40 
150 

6 
6 

vf,  d  1-2  V 

V  3/  7>  1-2  d,cbv 

21 

14 

6 

4212.5 

150 

6 

V  4-5  f,  V  2  d,  c  ^  V 

22 

23 

7 

4221.5 

150 

6 

V  ^  /,  V  d,  c  S  V 

23 

29 

6 

4227.5 

40 

6 

V  \-2  d,c  -iv 

24 

Nov. 

3 

7 

4232.5 

40 

6 

V  2  d,  c  ^  V 

25 

17 

7 

4246.5 

150 

6 

c  4-5  V,  V  I  d 

26 

20 

6 

4249-5  I 

40) 
150) 

6 

d  4v,v  I  g,v  f 

1898 

27 

June 

25 

10 

4466.7 

80 

12 

V  not  seen 

28 

July 

7 

10 

4478-7 

12 

V  not  seen 

29 

20 

10 

4491-7 

12 

V  not  seen 

30 

Aug. 

8 

10 

4510.7 
0  ( 

80 
80 

12 
12 

V  not  seen 

V  \  u^  q  \0  V 

31 

18 

II 

4520.8] 

175 

12 

V  u,  r  2  V 

32 

Sept. 

2 

8 

4535-6  ■ 

150 

6 

V  y<\  /,  V  2,  e,  d  i  V 

33 

Sept. 

20 

8 

4553-6 

40 

6 

V   I  C,  III  O-I   V 

34 

Oct. 

5 

7 

4568.5 

40 

6 

V  2  m,  V  4  f,  d  6-7  V 

35 

28 

7 

4591-5 

150 

6 

f  1-2  f,  J/  m 

36 

31 

7 

4594-5 

40 

6 

z»  3  c,  1/  o-l  III 

37 

Nov. 

7 

6 

4601 .5 

40 

6 

in   I  V,  V  f,  V  S  l: 

6871    V  LYRAE 
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TABLE  IV. 

6871  V  Lyme. 

Reduction  of  Observations. 


Me 

.\No 

No. 

Details  in  Steps 

Steps 

.Mag. 

Seeing 

Remarks 

I 

33-9.  35-8 

34-9 

10.24 

Moon,  good 

2 

34 

9,35-8 

35-4 

10.17 

Moon,  good 

3 

33 

9,35-3 

34-6 

10.  15 

good 

4 

34 

4,37-8,35-0 

35-7 

10.  10 

Moon,  fair 

5 

37 

9,36.0,34-6 

36.2 

10.02 

good 

6 

'1 

32 

5,33-9,35-8 

34-1 

10.39 

fair 

31 
31 

8 
9.33-8,31-4 

32.2 

10.75 

good.  Moon 

passing  clouds 

8    1 

27 

4 

30-5 

II  .01 

good 

limit  r 

30 

8,34.2,29.4 

^ 

9 

28 

2,  25.4,  29.5,27.4 

27.6 

11.52 

fair.  Moon 

10 

30 

7,25.4,  29.0 

25. 8 

II  .81 

good 

II 

<27.0 

<II.6 

low.  Moon 

limit  i 

12 

<i9.o 

<I2.9 

good 

*,«,4,,andrseen 

13 

<I9.5 

<I2.9    - 

good  to  fair 

limit  3-4  <  q 

14 

<I9.5 

<  12.9 

good  to  fair 

limit  3-4  <  g 

'5 

21.0,  19.5 

20.3 

12.74 

good 

16 

24.4,  29,2,  33.0 

28.8 

11.32 

fair 

17 

30-3.  27-9.  30.0 

29. 1 

11.29 

good 

28.4,25.9,27.1 
27-4.  29.1,31.8 

28.3 

11.40 

good 

32.4,30.8,  29.4 

30.8 

10.97 

fair 

31.9,30.8,29.4.31.: 

28.1,  29.3 

30.3 

11.07 

M  oon 

31.1,33-3,29.9 

21 

32.6,  32.8,31.9 

32-4 

10.70 

good 

22 

32.1,31.8,30.9 

31-6 

10.83 

good 

23 

33-3,  32.9 

33-1 

10.57 

good 

24 

33-8,  31-9 

33-4 

10.52 

good.  Moon 

25 

31-4,32.8 

32.1 

10.76 

fair  to  good 

26 

27.8,  26.4,  28.1 

27.4 

11.55 

good 

27 

<i5 

<i3-6 

limit  8  <  4, 

28 

<I6 

<I3-4 

fine 

limit  / 

29 

<I6 

<I3-4 

limit  3<jand/ 

30 

<I4 

good 

limit2mag.<4? 

H 

17-4,  13-0 
16.4,  17.0 

16. 1 

13-38 

good 

32 

31.6,32.2,28.8 

30.9 

10.95 

Moon,  good 

33 

36-9,36-5 

36.7 

9-95 

fair 

34 

39-0,39-9,37-8 

38.9 

9.50 

good 

35 

37.4.37-0 

37.2 

9.81 

Moon,  poor 

36 

38.9,37-5 

38-2 

9.62 

Moon,  good 

37 

36-0,35.9,37.2 

37-4 

9-79 

good 
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TABLE  IV  —  Continued. 


Date 

1 

No. 

< 

e- 

Comparisons 

Month 

Day 

Hour 

jfi'^r 

< 

1898 

C.  S. T. 

G.  M.  T. 

38 

Nov. 

12 

6 

4606.  ■; 

40 
40 

6 
6 

m  "^  V,  c  2  Vf  V  I  d 

39 

19 

6 

4613-5  1 

ISO 

6 

c  i,v,v  \  d 

40 

30 

6 

4624.5  1 

40 
150 

6 
6 

m  S  V,  c  $  V,  V  d 
c  ^  v,v  1  d 

41 

Dec. 

7 

7 

4631-5 

150 

6 

c  ^  V,  V  d,  V  'i  e,  V  g,  V  b  k 

42 

13 

6 

4637-5 

150 

6 

dsv,vie,  v^g 

43 

1899 

30 

6 

4654-5 

150 

6 

g  2-3  V,  V  1-2  q 

44 

Jan. 

8 

6 

4663.5 

150 

6 

e  ^  V,  71  f,  V  2  g 

45 

14 

6 

4669. 5 

150 

6 

/2  v±                                                ' 

46 

Feb. 

15 

17 

4702.0 

200 

6 

g  ^  v,v  1-2  r 

47 

Mar. 

22 

16 

4736.9 

6 

V  not  seen 

48 

Apr. 

16 

15 

4761.9 

150 

6 

V  ox  u  suspected 

49 

May 

I 

9 

4776.6 

200 

6 

V  not  seen 

50 

29 

9 

4804.6 

200 

6 

V  not  seenl 

51 

June 

7 

9 

4813-6 

150 

6 

V  not  seen 

52 

24 

9 

4830.6 

150 

6 

V  not  seen 

53 

26 

9 

4832.6 

150 

6 

V  not  seen 

54 

July 

6 

10 

4842.7 

150 

6 

V  not  seen 

55 

II 

9 

4847.6 

200 

6 

71  not  seen 

56 

29 

9 

4865.6 

150 

6 

V  not  seen 

57 

Aug. 

9 

9 

4876.6 

150 

6 

r  \-2  V,  V  \-2  u 

58 

12 

9 

4879-6 

150 

6 

r  2  V,  V  1  u 

59 

22 

8 

4889.6 

150 

6 

g  2-3  V,  V  o-l  r 

60 

30 

9 

4897.6 

150 

6 

q  o-\  V,  V  ^  r 

61 

Sept. 

4 

8 

4902.6 

6 

g  2  v,v  ■i  g 

62 

II 

8 

4909.6 

150 

6 

V  2  g,  d  2-3  V 

63 

26 

8 

4924.6 

40 

6 

V  2  c,  V  3-4  m,  04V 

64 

Oct. 

6 

7 

4934-5 

40 

6 

6  4  V,  V  4  m,  V  3-4  c,  V  I  X,  0 

V 

65 

21 

7 

4949-5 

40 

6 

d  1-2  V,  0  I  v,v  $  m,  V  4  X 

66 

28 

7 

4956.5 

40 

6 

b  4-5  V,  0  o-\  v,v  2  m 

67 

Nov. 

4 

6 

4963-5 

40 

6 

0  2-3  v,v  2  m 

68 

15 

6 

4974-5 

40 

6 

V  m,  V  1  c,  0  4-5  V 

69 

22 

6 

4981-5 

40 

6 

0  Sv,  m  'i  V,  c  1-2  V,  V  T,  d 

70 

27 

7 

4986.5  1 

40 
150 

6 
6 

0  di  V,  c  3-4  v,m  },v,  V  d 
c  2-3  V,  V  2-3  d 

71 

5 

6 

4994-5  1 

40 
150 

6 
6 

c  'iv,v  2  d 
c  V,  V  ■^  d 

72 

Dec. 
1900 

19 

6 

5008 . 5 

150 

6 

d2v,  V4e,  v2g 

73 

Jan. 

I 

6 

5021.5 

150 

6 

g  I  V,  V  I  k,  V  2i  g 

74 

Feb. 

22 

17 

5074.0 

350 

40 

g  S-(>v,v  lu 

75 

Mar. 

22 

15 

S101.9 

350 

40 

V  u 

76 

Apr. 

4 

>5 

5114.9 

275 

12 

V  4  u± 

77 

6 

16 

5116.9 

350 

40 

u  b  V,  V  3-4  a,  zx 

78 

May 

2 

15 

5142.6 

350 

40 

X  4  v,z  ■iv,  V  2S,  V  4e 

79 

II 

13 

5151.8 

350 

40 

t  Sv,v  zS 

80 

24 

10 

5164.7 

275 

12 

V  not  seen 

687/    V  LYRAE 
TABLE  W  —Continued. 
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Details  is  Steps 


Means 


Steps  Mag. 


37-0.  36-9 

34-0,  33-9,  32.8 

33-9.  32-8 

32.0,30.9,31.8 

31-9,  32-8 

31.9,31.8,32.2,25.4,  33.0 

26.8,  30.2,  29.4 

22.9,  24.5 

25.2,  28.1,  27.4 
19.0,  20.5 


17-5.  17-9 

17.0,  17.4 
20.5,  19.S 

22.5,  23.0 
23.4,  26.0 
27.4,  28.3 
37-9,  40.5,  33-6 

40.3,  41.0,  39.4,36.6,  40. 

42.8,  36.6,  42.0,43.1 
39-8,  37-1.  390 

35.1,  39.0,  40.9 
37.0,  3&-9,  33-1 

32.6,  34.0,  34.4,  34.8 
30.6,32.4,34.0,  31.8 
33-4.  34-3 

32-9,  33-8 

35.9,  34-8 
29.8,  33.2,  27.4 

24.4,  28.0,  26.0 
17-5.  19-4 


10.4,  1 1.5 

3-7,  5-0-  3-5.  40 

3-0.  4-5 


37.0 
33-5 


30.9 
28.8 
23 -7 

26.9 
26 
19.8 
<I9 

<23 

<23 

<I9 

<I9 

<I9 

<I9 

<I9 

<l6 

<I9 
17.7 
17.2 


32.8 


30.1 

26.1 
18.5 
16.4 
12.4 
II. I 
4.1 
3-8 
<ii 


9.85 
10.50 

11.09 
10.96 


11.08 

11.78 
13.00 
1334 
13-97 
14.18 
15.18 
15.21 
14.2 


Moon,  good 

good 

good 
good 
good 

good 
difficult 


low,  good 
good,  low 
good,  low 
fair 
good 
good 


good 
good 

fair.  Moon 
fair 

Moon,  good 


good 


good 
good 


limit  r 
limit  q 


good 
good 


Moon,  poor 
Moon,  fair 
good 
haze 
good 

fair.  Moon 
fair  to  good 


limit  K 
limit  V 
limit  r 
limit  1  <  u 


z  glimpsed 


limit  5  < 
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Date 

D 

No. 

< 

S 

COMPARISIONS 

Month 

Day 

Hour 

Julian 
Day 

1 

< 

1900 

C.  S. T. 

G.  M.  T. 

8l 

iMay 

29 

12 

5169.8 

237 

40 

u  5-6  z,  s  5  »,  -i/  5.  J'  4  e 

82 

June 

6 

10 

5177-7 

350 

40 

V  not  seen 

S3 

28 

10 

5199-7 

237 

40 

2  4-5  v,v  $  e,v  ^  S 

84 

Julv 

20 

10 

5221.7 

237 

40 

z  I  v,x 2-3  v,vsd 

85 

Aug. 

2 

9 

5234-6 

460 

40 

V  not  seen 

86 

16 

9 

5248.6 j 

350 
.350 

40 
40 

ziv,  vtx,  v^e 
z  V,  V  4  8,  V  6-8  c 

87 

29 

12 

5261.8 

460 

40 

u6v,a4v,  V4z,v3x 

88 

Oct. 

4 

9 

5297.6 

237 

40 

V  5-6  k,  V  'i  g,v  ■ie,d  1  V 

89 

10 

7 

5303-5 

150 

6 

V  4  e,  c  4  V 

90 

13 

7 

5306.5 

6 

^ 

91 

17 

8 

12 

92 

26 

6 

5319-5 

150 

6 

V  k  k,  V  %  g,  V  4  e,  c2  V 

93 

Nov. 

13 

6 

5337-5 

40 

6 

m  4-5  V,  c  T,v,  V  $  f,v  b  g 

94 

29 

7 

5353-5 

40 

6 

m  $  V,  c  S  v,v  d,  V  2  g 

95 

Dec. 

II 

6 

5365-5) 

40 
150 

6 
6 

m  8  V,  d  4  V,  V  2  g 
V  I  g,  V  8-10  k 

96 

1901 

29 

8 

5383-6 

150 

6 

g  iv,v  2-ik 

97 

July 

9 

9 

5575-6 

350 

40 

Z   ^   V,V  X 

98 

Nov. 
1902 

12 

5701 

350 

40 

V  >  n  OT  i 

99 

Mar. 

5 

14 

5814.8 

237 

40 

u  2  V,  v'a,  V  6-7  z,  g  4  e 

100 

28 

15 

5837-9 

237 

40 

z  2-3  V 

lOI 

May 

14 

13 

5884.8 

12 

V  <  n  01  i 

102 

Oct. 

5 

10 

6028.7 

s 

12 

12 

V  4-5  u 

103 

Nov. 

30 

7 

6084.5 

24 

104 

Dec. 
1903 

26 

7 

6110.5 

237 

40 

v&± 

105 

Mar. 

27 

16 

6201 .9 

237 

40 

n  6-8  V,  V  5  »),  :■  5-4  u 

106 

.\pr. 

3 

16 

6208.9 

237 

40 

11  1-2  V 

In   Chandler's    Third  Catalogue   the    provisional    elements  of 
maximum  from  observations  of  1893- 1 89 5,  are  given  as  — 
Maximum  —  1893  .August  24  (J.  D.  2412700)  +  377  E. 

These  elements  fairly  represent  the  above  maxima,  but  the  agree- 
ment is  somewhat  improved  by  placing  the  zero  epoch  thirteen 
days  earlier,  giving  the  elements  — 

Maximum  =  1893  August  11  (J.  D.  2412687)4-377  E. 

The  agreement  with  these  elements  is  shown  by  the  following 
table : 
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A7 


Means 

Details  in  Steps 

Seeing 

Remarks 

Steps 

Mag. 

8i 

3-0.    1-5.    40 

2.8 

15.37 

fair  to  good 

82 

<I6 

13-4 

haze 

limit  u 

83 

3-5.    4-0,    4-5 

4.0 

15.20 

good 

84 
85 
86  j 

7.0,    5.2,    6.5 

6.2 

14.91 

fine 

7.0,    8.7,    4.0 
8.0,    5-5,    7.0 

6.7 

14.86 j 

fair 
better 

87 

10.4,  II. 3,  12.0,  10.7 

II  .1 

14-17. 

good 

88 

32.5,28.4,32.2,30.8 

31 .0 

10.94 

X  and  z  seen 

89 

33-2.  3> -9 

32.6 

10.68 

good 

90 

10.45 

good 

photom.,    6-in. 

91 

10.31 

good 

photom.,  i2-in. 

92 

33.0,  28.4,  33-2.  33-9 

32-1 

10.75 

good 

93 

32.5,32.9,33.1,  31.4 

32.5 

10.69 

good 

94 

32.0,  30.9,  31 -8,  27.4 

30.5 

II  .00 

Moon 

«j 

29.0,27.9,  27.4 
26.4(36.0) 

27-7 

11.52 

good 

9b 

22.4,  29.0 

25-7 

II. S3 

Moon 

97 

3-0,    7-7 

5-4 

15.00 

fair 

V  &.r  near  limit 

98 

<26 

<ii.S 

99 

14.4,  14.5 

14-5 

13.68 

fair 

100 

5-5 

15.00 

Moon 

101 

w  is  <  n  or  i 

20.9  ( 

<I2 

photometer 

12.76 

103 

10.9 

photograph 

104 

31-8 

10.08 

good 

105 

19.0,  19.9,  19.9 

19.6 

12. S7 

good 

106 

14.9 

13.6 

clouds 

1 

Cal. 

J.  D. 

J.U. 

3 

3818 

3845 

4 

4195 

4220 

5 

4572 

4575 

6 

4949 

4940 

7 

5326 

5315 

8 

5703 

9 

6080 

6080 

Cat. 

1896,  Oct.  12 

1897,  Oct.  22 

1898,  Oct.  12 

1899,  Oct.  12 

1900,  Oct.  22 

1902,  Nov.  26 


-  27 
-25 

-  3 

-  9 

-  9 


J.  D. 

3677 
4044 
4421 
4798 
5175 
5552 
5929 


J.  D. 

4070 

4433 
4808 
5175 
5545 


1897,  May  25 

1898,  May  23 

1899,  June  2 
1900, June  4 
1901, June  9 
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The  large  residuals  of  epochs  3  and  4  require  mention.  The 
observations  began  too  late  to  fix  maximum  3  with  precision. 
It  doubtless  took  place  about  twenty  days  earlier;  in  fact,  the 
calculated  date,  J.  D.  38 18,  is  the  mean  of  the  dates  given  by 
Yendell  and  H.  M.  Parkhurst  (Max.  A).  For  epoch  4  the  curve 
at  maximum  is  not  of  the  usual  shape,  the  difference  accounting 
for  something  like  twenty  days,  and  in  the  right  direction  to 
improve  the  agreement  with  the  ephemeris.  The  residuals  for 
the  remaining  maxima  are  within  the  errors  of  observations. 

I  wish  to  acknowledge  the  assistance  rendered,  as  in  the  work 
on  X  Cephei,  to  Miss  Bloodgood,  and  Messrs.  Ellerman  and 
Sullivan. 

Yerkes  Observatory, 
April  1903 


PECULIARITIES  AND  CHANGES  OF  FRAUNHOFER 
LINES  INTERPRETED  AS  CONSEQUENCES  OF 
ANOMALOUS  DISPERSION  OF  SUNLIGHT  IN  THE 
CORONA.' 

By   W.    H.   Julius. 

Attention  has  been  drawn  to  several  variable  peculiarities 
of  Fraunhofer  lines,  mainly  bv  Jewell's  investigations  on  the 
coincidence  of  solar  and  metallic  lines.'  Here  we  do  not  mean 
the  irregularities  occurring  in  the  spectrum  of  spots  or  of  facul^, 
which  relate  to  disturbances  in  comparatively  small  parts  of  the 
Sun,  but  abnormalities  shown  by  average  sunlight,  as  observed 
when  the  slit  is  illuminated  by  a  long  strip  of  an  imperfectly 
focused  solar  image.  In  that  case,  according  to  Doppjer's  prin- 
ciple, we  may,  of  course,  expect  displacements  of  the  lines  in 
consequence  of  the  Sun's  rotation,  the  rotation  of  the  Earth,  and 
the  change  in  the  distance  between  Sun  and  Earth  caused  by  the 
eccentricity  of  the  Earth's  orbit.  But  even  when  all  these 
influences  have  been  allowed  for,  some  irregularities  still  remain. 

Indeed,  Jewell  has  observed  that  while  some  Fraunhofer 
lines  exactly  coincide  with  the  emission  lines  in  the  arc  spectrum 
of  elements,  others  do  not,  and  that  the  displacements  are 
unequal  both  for  lines  of  different  elements  and  for  the  various 
lines  of  one  and  the  same  element.  Moreover,  the  shifting  of 
certain  lines  on  one  set  of  photographic  plates  was  sometimes 
found  to  be  different  from  that  on  a  set  of  plates  taken  at 
another  time.  With  several  lines  the  intensity  also  apjicared  to 
be  variable. 

Jewell  explains  these  phenomena  on  certain  hypotheses  as  to 

'Communicated  to  the  Royal  Academy  of  Sciences,  Amsterdam,  at  the  meeting 
of  February  28,  1903. 

'L.  E.  Jewell,  "The  Coincidence  of  Solar  and  Metallic  Lines:  A  Study  of  the 
Appearance  of  Lines  in  the  Spectra  of  the  Electric  .^rc  and  the  Sun,"  Astrophysical 
Journal,  3,  89-113,  1896;  " Spectroscopic  Notes  :  Absolute  Wave-Lengths,  Spectro- 
scopic Determinations  of  Motions  in  the  Line  of  Sight,  and  Other  Related  Subjects," 
ibid.,  II,  234-240,  1900. 
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ANOMALOUS  DISPERSION  OF  SUNLIGHT  5 1 

density,  pressure,  and  temperature  of  the  absorbing  and  emitting 
gases  in  the  different  layers  of  the  solar  atmosphere,  and  by  vari- 
able ascending  and  descending  velocities  of  matter. 

hale's  abnormal  solar  spectrum. 

Much  greater  irregularities  than  those  mentioned  are  found 
in  an  "abnormal"  solar  spectrum,  lately  described  by  G.  E. 
Hale.' 

This  highly  remarkable  spectrum  was  accidentally  photo- 
graphed as  long  ago  as  February,  iS94,in  a  series  of  exposures, 
made  with  the  sole  intention  of  investigating  the  peculiarities  of 
the  grating.  Only  a  few  months  later  it  was  discovered  that  a 
very  extraordinary  phenomenon  had  been  photographed.  Hale 
hesitated  to  publish  this  accidental  discovery.  Copies  of  the 
plate  were  sent  to  several  spectroscopists  for  examination,  with 
the  request  that  an  explanation  referring  the  phenomenon  to 
some  origin  other  than  solar  be  supplied,  if  possible.  As  no 
such  explanation  was  forthcoming,  the  spectra  were  very  carefully 
measured  and  described. 

On  one  and  the  same  plate  twelve  exposures  had  been  suc- 
cessfully made  in  the  third-order  spectrum  of  a  plane  grating. 
A  solar  image  51  mm.  in  diameter  was  so  adjusted  that  the 
image  of  a  spot  fell  exactly  on  the  slit.  The  length  of  the  slit 
(6.5  mm)  corresponded  to  about  one-eighth  of  the  Sun's 
diameter. 

The  first  exposures  show  the  normal  Sjiectrum  without  any 
considerable  changes.  Then  came  the  disturbance  which  cul- 
minated in  the  eighth  spectrum,  and  in  the  following  four 
decreased  rapidly.  Hale  gives  reproductions  of  four  spectra, 
each  of  them  extending  from  X3812  to  X4132.  No.  i  was  taken 
before  the  disturbance  occurred ;  No.  2  is  the  most  abnormal 
spectrum  ;  No.  3  is  called  by  Hale  the  "  intermediate  "  spectrum  ; 
it  was  obtained  a  few  moments  after  the  abnormal  one  ;  No.  4 
shows  once  more  the  normal  solar  spectrum,  as  it  was  photo- 
graphed at   another  time   on   another   plate.      Nos.   i,  2,  and   3 

'"Solar  Research  at  the  Yerkes  Observatory,"  Astrophvsical  Journal,  16, 
211-233,  1902. 
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show  a  dark  band  throughout  the  whole  spectrum,  corresponding 
to  the  Sun-spot  which  had  been  focused  on  the  slit. 

The  most  prominent  features  of  the  abnormal  spectrum   are  : 

1.  The  band  due  to  the  spot  appears  much  fainter  than  in  the 
spectra  photographed  before  and  after  the  disturbance. 

2.  In  the  case  of  several  Fraunhofer  lines  the  intensity  or  the 
width  is  greatly  diminished.  This  is  most  conspicuous  with  the 
broad,  dark  calcium  bands  H  and  K  and  with  the  hydrogen  line 
Hh,  these  being  almost  totally  absent  in  the  abnormal  spectrum. 

3.  Other  Fraunhofer  lines,  on  the  contrary,  appear  iincom- 
Tnonly  strengthened. 

4.  Many  lines  are  more  or  less  displaced. 

The  same  peculiarities  are  noticed,  though  generally  in  a 
lesser  degree,  in  the  intermediate  spectrum,  so  that  the  latter, 
in  fact,  forms  a  link  between  the  abnormal  and  the  normal 
spectrum. 

This  marvelously  complicated  disturbance  was  not  confined 
to  light  coming  from  a  comparatively  small  part  of  the  solar 
disk,  for  instance  from  the  immediate  surroundings  of  a  spot;  on 
the  contrary,  it  extended  almost  equally  over  the  whole  width 
of  the  spectrum  and  was  therefore  nearly  the  same  for  all  the 
light  which  came  from  a  very  great  area  of  the  Sun. 

The  moments  of  the  twelve  exposures  and  the  exact  date  had 
not  been  recorded ;  but  there  was  sufficient  evidence  that  the 
whole  process  of  the  disturbance  lasted  only  a  very  short  time. 
Hale  calls  the  phenomenon  "a  remarkable  disturbance  of  the 
reversing  layer."  But  is  it  not  almost  impossible  to  imagine  a 
rather  thin  layer  in  the  solar  atmosphere  undergoing  suddenly 
and  simultaneously  over  a  great  part  of  the  Sun  a  change  so 
great  as  to  make  its  absorbing  and  radiating  power  in  some  parts 
of  the  spectrum  for  a  while  nearly  unrecognizable  ? 

It  occurred  to  me,  therefore,  that  the  origin  of  the  phenome- 
non should  be  looked  for  somewhere  on  the  path  of  the  light 
between  the  Sun  and  the  Earth.  If  on  this  path  there  be  media 
causing  anomalous  dispersion,  the  beam  must  show  an  altered 
composition. 


A.XOMALOUS  DISPERSIOiX  OF  SUA  LIGHT  S3 

As  I  formerly  indicated,"  the  properties  of  the  chromospheric 
light  may  be  derived  from  the  supposition  that  this  light  has 
been  separated  from  the  photospheric  light  by  anomalous  dis- 
persion. According  to  this  hypothesis  the  spectrum  of  the 
chromosphere  informs  us  which  are  the  kinds  of  light  that  may 
follow  rather  strongly  curved  paths  in  the  solar  atmosphere.  So 
the  idea  suggested  itself  that  the  same  waves  might  play  a  strik- 
ing part  in  Hale's  abnormal  spectrum. 

In  order  to  investigate  the  question  as  impartially  as  possible, 
I  marked  (before  consulting  Hale's  table  or  a  table  of  chromo- 
spheric lines)  on  the  reproductions  of  the  spectra  in  the  Astro- 
physical  Journal  a  number  of  lines  which  struck  me  as  being 
weakened  xVi  the  abnormal  spectrum.  B}^  means  of  George  Higgs' 
photographic  atlas  of  the  normal  solar  spectrum  the  wave-lengths 
of  the  selected  lines  were  easily  read.  They  are  to  be  found  in  the 
first  column  of  Table  I. 

The  second,  third,  and  fourth  columns  show  the  intensities  of 
these  lines  in  the  normal,  the  intermediate,  and  the  abnormal 
spectrum  as  given  by  Hale  (for  the  normal  spectrum  from  Row- 
land's tables,  for  the  other  two  from  estimates  by  Mr.  Adams). 
Hale  remarks  that  the  intensities  of  the  lines  were  estimated 
independently  for  the  two  disturbed  spectra.''  The  fifth  column 
indicates  the  intensities  of  corresponding  chromospheric  lines  as 
found  by  Lockyer  in  the  spectrum  secured  at  Visiadrug'  during 
the  1898  eclipse;  the  si.xth  column  shows  the  absorbing  sub- 
stances. 

Table  H  has  been  prepared  in  a  similar  way;  here  we  find 
the  lines,  which  on  the  reproduction  appeared  to  be  strengthened 
in  the  abnormal  spectrum. 

•  '  ASTR0PHYSIC.\I,  Journal,  12,  1S5-200;  15,  2S-37;  IViysikalische  Zeilschrift,  ^, 
85-90;   132-136. 

'  In  selecting  the  lines  that  appeared  weakened  in  the  abnormal  spectrum,  I  of 
course  compared  the  three  spectra  together.  That  is  why  in  my  table  some  lines 
occur  whose  intensities  as  estimated  by  Mr.  Adams  are  not  comparatively  low  in  the 
abnormal  spectrum. 

3LOCKVER,  Chrisholm-Batten,  and  Pedler,  "Total  Eclipse  of  the  Sun,  Janu- 
ary 22,  1898. —  Observations  at  Visiadrug,"  Phil.  Trans.,  A,  197,  151-227,  1901. 
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LINES  WHOSE  INTENSITY    IS    LESS    IN    THE    ABNORMAL    THAN    IN    THE 
NORMAL  SPECTRUM. 


INTHNS,TV 

E 

Wave -Length 

Chromo- 
sphere 
(Lockyer) 

Rem.^rks 

Normal 

Intermediate   Abno 

•mal 

(Rowland) 

CHale)             (Ha 

e) 

w 

^    .      Not  mentioned  in  Hale's 

3871-4 

4 

C    \ 

list,  but   distinctly  weak- 

3872.6 

4 

Fe  S 

ened     in     the     abnormal 

3874.09 

4 

9 

2(?) 

Fe 

spectrum  on  reproduction . 

3S78-47 

22 

25 

3-3 

Fe,Fe 

X  =  3878.15  and 

Hi  3889.05 

? 

15 

8 

H 

X  =  3878.72.   Hale 

3895.80 

7 

12 

3 

Fe 

3899.30 

5 

4 

2 

V? 

3903-09 

10 

12 

2-3 

Fe 

^ 

3905.66 

12 

20 

2 

Cr,  Si 

3906.70 

14 

4 

2 

Fe 

39'3-63 

9 

7 

6 

Ti 

3914-49 

7 

8 

5* 

Ti 

*  These  intensities  are 

3916-54 

3 

4* 

3 

V 

very  probably  estimated 
too  high  when  compared 

3920.41 

10 

10*              I 

0* 

3 

Fe 

with  the  numbers  in  the 

3923-05 

12 

12*              I 

2* 

3 

Fe 

second  column.    Cf.  note 

K     3933-82 

10 

Ca     j=°"P-S3- 

3944.16 

15 

15*              I 

2* 

5 

Al 

3948-91 

13 

15 

3 

Fe 

3950.10 

5 

2 

3 

Fe 

3953-02 

17 

15 

Fe,  etc. 

3958-35 

5 

8 

4 

Ti 

3961-67 

20 

20 

6 

Al 

H     3968.63 

(700) 

7 

7 

10 

Ca 

//e  3970.18 

7 

8 

10 

H 

3977-89 

6 

8 

2 

Fe 

3986.90 

6 

8 

3998.78 

4 

4 

4* 

4 

Ti 

4012.50 

5 

4 

5* 

5-6 

Ti,etc. 

4033-22 

7 

12 

3 

3-4 

Mn,Fe 

4034.64 

6 

10 

3-4 

Mn,Fe 

4045.98 

30 

30 

5 

7 

Fe 

4063.76 

20 

20 

6-7 

Fe 

4071.91 

15 

15 

5* 

6 

Fe 

4077.88 

8 

10 

7* 

10 

Sr 

Hi  4102.00 

40 

7 

10 

H 

The  result  is  very  striking.  Weakened  lines  correspond  to 
chromospheric  lines  almost  without  exception;  tnost  of  the  strengthened 
lines,  on  the  other  hand,  are  not  to  be  found  in  the  spectrum  of  the 
chromosphere. 

Lockyer  gives  the  strength  of  the  chromospheric  lines  on  a 
scale  such  that  10  indicates  the  strongest  and  i  the  faintest 
lines.      If  we  take  into  account  that  in  his  list  the  greater  part  of 
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LINES    WHOSE    INTENSITV    IS    GREATER    IX    THE    ABNORMAL    THAN    IN 
THE    NORMAL    SPECTRUM. 


Inte 

•JSITY 

H 

Wave- 

z 

Length 

Normal 

Intermediate 

Abnormal 

Chromo- 
sphere 
(Lockyer) 

E 

Remarks 

(Rowland) 

(Hale) 

(Halel 

U 

3921.86 

4 

20 

Zr,  Mn 

3927 

77 

25 

? 

3930 

45 

8 

15 

28 

.3-4 

Fe 

3937 

39 

10 

7 

3940 

25 

7 

12 

? 

3950 

50 

2 

13 

y 

3962 

29 

3 

II 

Fe? 

3973 

77 

6 

15 

2(?) 

NiZrFeCa 

3981 

92 

4 

13 

30 

6* 

Ti.  Fe 

*  In  Humphreys' 
of    chromospheric 
(1901    eclipse)    this 

table 

3992 

97 

3 

4 

10 

V,Cr 

line 

3996 

So 

9 

> 

does  not  occur. 

4013 

90 

's 

12 

15 

Ti,  Fe 

4014 

67 

5 

9 

20 

Ft 

4023 

38 

10 

? 

4033 

77 

2 

3 

15 

Mn 

4040 

79 

3 

6 

20 

4 

Fe 

4044 

OQ 

5 

20 

15 

Fe 

the  lines  bear  the  numbers  i  and  2,  our  table  shows  us  that  by 
merely  observing  the  abnormal  solar  spectrum  we  have  been  able 
to  pick  out  strong  chromospheric  lines.  This  cannot  be  chance. 
Undoubtedly  both  phenomena  —  the  weakening  of  Fraunhofer 
lines  in  the  abnormal  spectrum  and  the  origin  of  the  chromo- 
spheric spectrum — are  to  be  explained  inclose  relationship  with 
each  other. 

The  strengthening  of  lines  in  the  abnormal  spectrum  does  not, 
on  the  contrary,  seem  to  be  so  directly  connected  'with  the  com- 
position of  the  chromospheric  spectrum. 

If  our  view  be  correct  that  the  chromospheric  light  has  been 
separated  by  strong  ray-curving  from  the  "white"  light  emitted 
by  deeper  layers,  those  special  radiations  must,  as  a  rule,  show 
reduced  intensity  in  the  spectrum   of  the  Sun's  disk. '      Fraun- 

■  It  might  be  thought  that  the  rays  forming  the  chromospheric  light  need  to  be 
absent  only  from  the  spectrum  of  the  edge,  but  not  from  that  of  the  central  portions 
of  the  Sun's  disk.  By  a  simple  consideration  following  from  a  glance  at  Fig.  4  of  my 
paper  read  in  February,  1900  (.\strophysical  Journal,  12,  191),  we  see,  however, 
that  the  chromospheric  light  visible  to  us  may  very  well,  in  part,  have  its  origin  even 
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hofer  lines  corresponding  to  chromospheric  lines  will  therefore 
have  a  more  or  less  darkened  background  in  the  ordinary  solar 
spectrum.  The  rate  of  darkening  at  various  distances  from  the 
center  of  an  absorption  line  is,  of  course,  connected  with  the 
shape  of  the  dispersion  curve  near  that  line;  whereas  the  average 
shading  depends  also  (i)  on  the  quantity  of  matter  causing 
anomalous  dispersion  and  (2)  on  the  slopes  and  directions  of 
the  density  gradients  in  the  gases  through  which  the  light  is 
transmitted,  viz.,  on  the  Sun's  "activity.  "' 

We  distinguish,  therefore,  a  twofold  origin  of  the  dark  lines 
in  the  solar  spectrum,  viz.:  real  absorptio7i  of  those  waves  which 
exactly  correspond  to  the  periods  of  the  media  and  dispersion  of 
the  strongly  deviated''  neighboring  light.  ^ 

The  dispersion  will  be  especially  evident  where  extraordinary 
differences  in  the  density  of  the  medium  occur;  in  this  way  the 
widening  of  most  of  the  Fraunhofer  lines  in  the  spectra  of  spots 
may  be  accounted  for. 

Dispersed  light  has  not,  of  course,  vanished  ;  the  absence  of 
certain  rays  in  the  spectrum  of  a  spot  is  counterbalanced  by  the 
increased  intensity  of  the  same  radiations  in  the  light  coming 
from  the  neighboring  faculae.  Thus  the  distribution  of  the 
density  in  the  solar  gases  may  locally  be  such  that  a  limited  part 
of  the  disk  seems  to  emit  a  considerable  amount  of  ra3-s  with 
abnormally  high  or  abnormally  low  refractive  indices.  In  the 
spectrum  of  this  part  not  only  will  the    Fraunhofer   lines  appear 

in  points  of  the  Sun  which  lie  opposite  to  the  Earth's  direction.  The  chromospheric 
light  reaching  the  Earth  may  proceed  from  any  point  of  Schmidt's  "critic?l  sphere." 
For  the  greater  part  it  is  likely  to  come  from  the  back  half  of  the  Sun.  But  then  the 
half  facing  us  furnishes  the  chromospheric  light  which  travels  to  other  regions  of  the 
universe,  and  this  light,  of  course,  is  wanting  in  the  spectrum  of  the  disk.  There  is 
some  reason  for  supposing  that,  on  an  average,  more  chromospheric  light  is  sent  forth 
in  directions  making  great  angles  with  the  Sun's  equator  than  to  the  equatorial 
regions,  including  the  Earth's  orbit. 

'The  possible  influence  of  the  general  or  regular  ray-curving  (on  -Schmidt's 
principle)  on  the  appearance  of  the  spectral  lines  has  in  the  present  paper  been  left 
out  of  consideration.  If  we  were  able  to  observe  or  to  calculate  the  radii  of  the 
"  critical  spheres  "  for  radiations  undergoing  anomalous  refraction,  it  would  be  pos- 
sible to  estimate  that  influence  ;  but  as  yet  sufficient  data  are  wanting. 

'ASTROI'HYSIC.-VL  JOUKNAI.,  12,   IQI,  igOO. 
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narrower  and  fainter  than  usually,  but  we  may  even  meet  with 
lines  contrasting  brightly  with  their  surroundings.  These  bright 
lines  will  not  coincide  with  the  corresponding  absorption  lines  ; 
their  average  wave-length  will  in  general  be  greater  or  smaller 
than  that  of  the  absorbed  light,  for,  according  to  the  accidental 
distribution  of  the  density,  we  shall  find  either  the  raj-s  with  high 
or  those  with  low  refractive  indices  most  prominent  in  the  beam. 

The  above  considerations  suggest  an  explanation  of  Hale's 
abnormal  spectrum.  In  fact,  the  lines  showing  especially  faint 
in  this  spectrum  were  exactly  those  which  cause  strong 
anomalous  dispersion  —  witness  the  chromospheric  spectrum. 
With  H,  K,  Hh,  and  some  iron  lines  it  is  ver}-  evident  that  the 
abnormal  faintness  refers  mainly  to  the  broad  dark  shadings  of 
the  lines,  i.  e.,  those  parts  whose  darkness  in  the  normal 
spectrum  we  attributed,  not  to  absorption,  but  to  dispersion. 
Moreover,  the  dark  band  due  to  the  spot  has  nearlv  disappeared. 
This  means  that  waves,  which  in  normal  circumstances  are 
wanting  in  the  spot  spectrum  on  account  of  their  strong 
dispersion,  at  the  time  of  the  disturbance  had  been  gathered 
again  into  the  beam,  reaching  the  instrument.  How  all  this 
may  happen  will  become  evident  as  soon  as  we  shall  be  able  to 
establish  a  plausible  cause  by  which,  within  an  angular  space 
great  enough  to  include  a  considerable  part  of  the  solar  disk, 
the  strongly  dispersed  rays  might  be  gathered  again. 

It  is  not  necessary  to  introduce  a  new  hyi'othcsis  for  the 
purpose.  The  same  idea  about  the  Sun's  constitution  which 
enabled  us  to  explain  the  properties  of  the  chromosphere  and 
the  prominences'  furnishes  us  once  more  with  the  required  data. 
Indeed,  if  (accordmg  to  Schmidt's  theory)  the  Sun  is  an  unlimited 
mass  of  gas,  surfaces  of  discontinuity  must  exist  similar  to  those 
whose  general  feature  has  been  determined  by  Emden''  for  a 
sharply  outlined  radiating  and  rotating  Sun.  The.se  surfaces 
must  extend  to  the  remotest  parts  of  the  gaseous  body  —  a  con- 
clusion in  excellent  harmony  with  the  visible  structure  of  the 
corona.  For  along  the  surfaces  of  discontinuity  waves  and 
whirls  are  formed;  the  core-lines  of  the  vortices  nearly  coincide 

^ Physikalische  Zeitschrift,  4,  85-go.       'ASTROPHYSICAL  Journal,  15,38-59,  Igoi. 
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with  the  generatrices  of  the  surfaces  of  revolution,  and  in  these 
cores  the  density  is  a  minimum.  This  may  account  for  the 
streaky  appearance  shown  more  or  less  distinctly  in  all  good 
photographs  and  drawings  of  the  corona. 

This  particular  appearance  may  have  another  cause,  however, 
but  for  what  follows  this  is  immaterial.  We  only  assume  that 
the  density  of  the  coronal  matter  varies  in  such  a  way  as  to 
correspond  to  the  striped  structure  visible  at  the  time  of  a  total 
eclipse  of  the  Sun. 

A  coronal  streamer  which  at  a  given  moment  runs  e.xactlv  in 
the  direction  of  the  Earth  may  be  very  roughly  compared,  then, 
to  a  bundle  of  glass  tubes  through  which  we  are  looking  length- 
wise. Such  a  structure  will  gather  and  conduct  rays  of  various 
directions,  entering  it  at  one  end.  This  takes  place  also  if  the 
parts  with  the  greater  and  those  with  the  smaller  optical  density 
do  not  alternate  abruptly,  but  gradually. 

In  Fig.  I  the  optical  density  of  the  matter  may  be  represented 
by  the  compactness  of  the  streaking.  A  ray  for  which  the 
medium  has  a  large  positive  refraction  constant  would,  for 
instance,  follow  the  path  AA',  curving  round  the  denser  parts 
of  the  structure;  a  ray  BB' ,  for  which  the  medium  possesses 
a  large  negative  refraction  constant,  would  move  in  a  similar 
way  through  the  more  rarefied  regions.  On  the  other  hand,  the 
light  CC  for  which  the  constant  exactly  equals  zero  is  not 
influenced  by  the  fluctuations  of  the  density ;  and  if  for  some 
kind  of  light  the  refraction  constant  is  very  nearly  zero,  the  ray 
would  have  to  travel  a  long  way  almost  parallel  to  the  structure 
before  its  curving  would  be  perceptible. 

Now  the  corona  sometimes  shows  exceedingly  long,  pointed 
streamers.  We  only  have  to  suppose  t/iai  the  Earth  was  exactly 
in  the  direction  of  such  a  streamer  at  the  moment  the  abnormal  spec- 
trum was  photographed ;  then  all  the  irregularities  observed  in  this 
spectrum  become  clear.  Light  under  normal  circumstances 
absent  from  the  solar  spectrum  through  strong  dispersion  has 
been  collected  by  the  coronal  streamer ;  hence  the  weakening  of 
the  Fraunhofcr  lines,  especially,  also,  of  those  in  the  spectrum 
of  the   spot.      As   the  abnormalities  were   caused   by  a   peculiar 
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distribution  of  matter  in  the  vast  regions  of  the  corona  lying 
between  the  source  of  light  and  the  Earth  (and  not  by  disturb- 
ances in  a  relatively  thin  "reversing  layer"),  they  could  appear 
in  the  same  way  over  a  great  part  of  the  Sun's  disk.  The  rarity 
of  the  phenomenon  is  the  result  of  the  slight  chance  we  have  to 
take  a  photograph  at  the  very  moment 
on  which  an  uncommonly  long  coronal 
streamer  is  projected  exactly  on  the  part 
of  the  Sun's  disk  illuminating  the  slit; 
finallv,  the  short  duration  is  a  consequence 
of  the  Earth's  orbital  motion,  and  proba- 
bl}-  of  the  rotation  of  the  corona. 

As  we  have  mentioned  before,  no 
chromospheric  lines  correspond,  in  gen- 
eral, to  those  lines  appearing  extraordi- 
narily strong  in  the  abnormal  spectrum. 
How  are  we  to  account  for  the  strength- 
ening of  these  lines  ? 

We  might  be  tempted  to  think  of 
absorption  in  the  corona  ;  for  if  it  be  true 
that  a  streamer  was  turned  toward  the 
Earth,  the  rays  had  to  go  an  uncom- 
monly long  way  through  an  absorbing 
medium.      But  on  closer  examination  this  idea  is  less  probable. 

The  particles  of  the  extremely  rarefied  coronal  gases  will 
hardly  influence  each  other;  their  periods  will,  therefore,  be 
almost  absolutely  constant,  so  as  to  cause  very  sharp,  narrow 
absorption  lines.  Thus  it  is  difficult  to  understand  how  an 
absorption  line  already  present  in  the  normal  solar  spectrum 
might  be  strengthened  by  the  absorbing  power  of  the  corona. 
Further  in  studying  Hale's  table,  we  observe  that  many  lines 
which  are  strong  in  the  abnormal  spectrum  show  a  much  smaller 
intensity  in  the  intermediate  spectrum  (taken  only  a  few  moments 
later);  while  the  reverse  happens  as  well,  viz.,  that  lines  are 
strong  in  the  intermediate  and  very  weak  in  the  abnormal  spec- 
trum. This  hardly  fits  in  with  the  absorption  hypothesis. 
Some  lines  showing  this  peculiarity  are  given  in  Table  HI : 
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LINES    WHOSE    INTENSITY    IS    VERY  DIFFERENT    IN    THE    INTERMEDI- 
ATE AND    THE    ABNORMAL    SPECTRUM. 


I:„H.s.„ 

Elements 

\Vave-Le.s'gth 

Nonnal 

Interme-      Abnor- 

Chromo- 

Rem.irks 

(Row- 

diate            mal 

sphere 

land) 

(Hale) 

(Hale) 

(Lockyer) 

3905.66 

12 

20 

2 

Cr,  Si 

3905.81 

21 

20 

Si 

3921.71 

9 

14 

Ti,La,  Zr,Mn 

3921.87 

4 

20 

Zr,  Mn 

3950  33 

10 

> 

3950.51 

2 

13 

Y 

3972.30 

2 

12 

Ni 

V 

3972.61 

2 

12 

? 

4005.86 

3 

25 

5 

? 

4057-39 

4 

15 

1-2 

Co,  Fe 

4957.66 

7 

10 

? 

In  the  chromospheric  spectrum  corresponding  lines  seem  to 
be  wanting  (at  X  3905.66  and  \  4057.39  the  faint  chromospheric 
line  maj'  possibly  belong  to  another  element  than  the  abnor- 
mally strengthened  absorption  line). 

To  arrive  at  a  more  satisfactory  explanation  of  the  strength- 
ening phenomenon,  we  suppose  that  these  absorption  lines  do 
indeed  cause  anomalous  dispersion  of  neighboring  waves,  but  in 
a  very  slight  degree.  Then,  the  refractive  indices  of  the  neigh- 
boring waves  differing  but  little  from  unit)',  the  direction  of  those 
rays  will  be  perceptibly  changed  only  after  they  have  traveled  a 
very  long  way  through  the  corona  and  almost  parallel  to  its 
structure  lines.  Whereas  the  strongly  refracted  rays,  entering 
the  coronal  streamer  in  various  directions,  were  obliged  to  fol- 
low the  structure  lines,  curving  about  them,  and  so  in  a  sense 
were  concentrated  on  the  Earth,  it  ma\-  happen  with  the  very 
slightly  curved  rays  we  are  now  considering  that  they  have  been 
bent,  for  instance,  onh'  once  over  the  whole  length  of  the 
streamer  and  continue  their  way  in  a  direction  not  meeting  the 
observing  station.  The  divergence  of  a  beam  consisting  of  these 
rays  will  have  increased,  the  intensity  diminished.  Thus  the 
resultant  spreading  of  neighboring  light   causes  the  absorption 
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line  to  appear  somewhat  widened,  and  therefore  strengthened. 
But  obviously  it  must  be  possible,  too,  that  after  a  short  time, 
under  the  influence  of  another  part  of  the  corona,  circumstances 
assist  that  slightly  curved  light  to  reach  the  observer.  In  that 
case  the  absorption  line  is  weak  again.  (Similar  alternations,  of 
course,  also  occur  with  the  more  strongly  refracted  rays,  and  that 
in  quicker  succession  ;  but  this  does  not  alter  the  fact  of  their 
average  intensity  appearing  increased  as  long  as  the  structure 
lines  of  the  coronal  streamer  are  turned  toward  the  spectro- 
scope. For  a  detailed  discussion  of  this  case  see  the  note  at  the 
end  of  this  paper.) 

In  both  abnormal  spectra  a  number  of  absorption  lines  are 
more  or  less  displaced.  Perhaps  this  is  partly  due  to  motion  in 
the  line  of  sight,  but  after  the  foregoing  it  will  not  be  necessary 
to  explain  in  detail  that  anomalous  dispersion  also  can  account 
for  this  phenomenon.  Dissymmetric  form  of  the  dispersion 
curve  as  well  as  a  peculiar  distribution  of  the  density  of  the 
coronal  matter  may  unequall)^  affect  the  intensity  of  the  light 
on  both  sides  of  the  absorption  line,  and  thus  bring  about  a  seem- 
ing displacement  of  the  line. 

CERT.AIN    PECULI.ARITIES    OF    LINES    IN    THE    NORMAL    SOLAR 
SPECTRUM. 

If  we  have  been  right  in  connecting  the  uncommonly  great 
abnormalities  in  Hale's  spectrum  with  a  very  particular  position 
of  the  Earth  with  respect  to  the  corona,  it  is  to  be  expected  that 
similar  irregularities,  though  in  less  degree,  will  continually  be 
found,  as  the  sunlight  always  reaches  us  through  the  corona. 

According  to  Jewell's  above-mentioned  investigations,  this 
supposition  proves  to  be  well  founded.  Many  solar  lines  have 
varying  intensities  and  positions,  so  that  Jewell  deems  them  unfit 
for  standards  for  very  accurate  determinations  of  wave-lengths. 
And  these  are  for  the  greater  part  the  most  prominent  lines  of  the 
spectrum,  especially  the  shaded  ones." 

Jewell  emphasizes  the  fact  that  all  distinctly  shaded  lines  in 
the  solar  spectrum  show  to  a  greater  or  less  degree  the  following 

•AsTROPHYSiCAi.  Journal,  u,  236,1900. 
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typical  feature:'  With  abroad,  shaded,  moderately  dark  back- 
ground a  much  darker  central  absorption  line  contrasts  rather 
sharply  (Fig.  2).  Besides,  the  absorption  curve  often  shows 
depressions  close  to  the  central  line,  as  in  Fig.  3,  sometimes 
symmetrical,  sometimes  dissymmetrical.  Jewell  afifirms  that 
this  is  not  an  optical  delusion,  due  to 
contrast,  but  a  real  phenomenon.  He 
assumes,  therefore,  that  the  broad 
absorption  band  is  produced  in  the 
lower  portions  of  the  solar  atmosphere 
and  under  a  great  range  of  pressure  ; 
that  in  higher  levels  radiation  prevails 
again,  producing  a  rather  wide  emis- 
sion line  ;  and  that  finally  in  the  high- 
est parts,  where  the  pressure  is  very 
much  less,  the  sharp  absorption  line  is 
produced.  The  position  of  this  central 
absorption  line  with  respect  to  the  emis- 
sion line  is  usually  unsymmetrical, 
which  is  conspicuous  in  the  case  of  H  and  K.  The  central 
line  itself  also  varies  somewhat  in  width  upon  different  plates, 
and  its  ma.ximum  of  intensity  is  not  alwa\-s  in  the  middle  of 
the  line.  The  displacement  of  this  central  line  in  H  and  K 
varies  in  magnitude,  but,  so  far  as  has  been  observed,  always 
toward  the  red  with  respect  to  the  emission  line  and  the  corres- 
ponding metallic  line  (in  the  arc).  Jewell  concludes  that  the 
absorbing  calcium  vapor  descends  all  over  the  solar  surface 
with  a  velocity  sometimes  amounting  to  about  seventy-five  miles 
per  minute. 

Upon  the  same  plates  showing  strong  dissymmetry  in  H  and 
K  the  shaded  lines  of  other  elements  [Fe,  Al,  Mg,  Si)  have 
been  examined.  The  strongest  iron  lines  and  one  aluminum  line 
showed  displacements  of  the  same  character  a.s  that  observed 
in  the  case  of  H  and  K,  but  to  a  much  smaller  degree,  and 
sometimes  toward  the  violet,  sometimes  toward  the  red.     Certain 

"'Certain  Peculiarities  in  the  Appearance  of  Lines  in  the  Solar  Spectrum  and 
Their  Interpretation,"  Ibid.,  3,  1896. 
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shaded  lines  of  Mg  and  Si,  on  the  contrary,  showed  no  evidence 
of  a  displacement,  nor  did  the  iron  lines  without  considerable 
shading,  the  faint  calcium  line  at  X  3949,056,  and  many  other 
lines. 

If  we  admit  no  other  explanation  of  line-shifting  and  widen- 
ing besides  those  based  on  Doppler's  principle  and  on  the  effect 
of  pressure  and  temperature,  we  arrive  at  very  strange  conclu- 
sions with  regard  to  the  condition  of  the  elements  in  the  solar 
atmosphere.  Not  less  surprising,  as  noticed  by  Jewell,'  is  the 
small  amount  of  the  absorption  in  the  shaded  parts  of  the  lines, 
when  we  consider  the  enormous  depth  of  the  solar  atmosphere 
and  the  high  pressure  which  must  exist  in  the  absorbing  layers 
for  them  to  produce  a  broad  absorption  band. 

By  making  various  suppositions  concerning  the  condition  of 
the  gases  in  the  solar  atmosphere,  Jewell  succeeds  in  finding  an 
interpretation  of  most  of  these  astonishing  facts.  But  it  must  be 
granted  that  his  explanations  include  a  greater  number  of 
arbitrary  and  mutually  independent  hypotheses  than  is  the  case 
with  our  explanations,  founded  as  they  are  on  selective  ray- 
curving  and  readily  deduced  from  that  principle  for  each  separate 
phenomenon,  without  introducing  new  suppositions. 

Only  the  dark  central  lines  of  the  Fraunhofer  lines  are  to  be 
ascribed,  in  our  theory,  to  real  absorption.  Their  shaded  back- 
ground of  varying  intensity  we  consider  as  an  effect  of 
anomalous  dispersion  of  the  not  absorbed  neighboring  waves. 
This  selective  scattering  will  be  strongest  in  those  places  where 
the  density-gradients  are  relatively  steep,  viz.,  in  whirls  in  the 
deeper  regions  of  the  gaseous  body.  But  some  of  the  widely 
dispersed  rays  may  be  gathered  by  the  corona  owing  to  its 
"tubular"  structure,  and  be  conducted  along  its  greater  or 
smaller  streamers.  This  will  especially  appl}-  to  the  most 
strongly  refracted  waves,  whose  position  in  the  spectrum  is  very 
close  to  the  real  absorption  lines  ;  thus  pseudo-emission  lines  are 
produced  in  about  the  middle  of  the  pseudo-absorption  bands. ^ 

'AsTRoi'HYsicAL  Journal,  3,  106,  1896. 

°A  most  remarkable  fact  is  that  the  shading  of  II,  K,  the  iron  line  X  3720.086  and 
•  of  some  other  strong  shaded  lines  is  sometimes  partially  broken  up  in  a  series  of  faint 
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Probably  Hale's  abnormal  spectrum  has  shown  us  a  case 
where  these  seeming  emission  bands  acquired  an  uncommon 
extent.  We  may  therefore  expect  that  a  systematical  investiga- 
tion of  solar  spectra,  photographed  at  different  times,  will  afford 
all  kinds  of  intermediate  cases. 

It  would  be  desirable,  for  the  moments  when  the  photographs 
are  taken,  to  know  the  form  and  position  of  the  coronal  streamers 
directed  toward  the  Earth.  At  all  events  the  actual  phase  of  the 
Sun-spot  period,  with  which  the  shape  of  the  corona  seems  to  be 
connected,  should  be  taken  into  consideration  ;  and  perhaps  the 
simultaneous  observation  of  the  photospheric  reticulation  discov- 
ered by  Janssen  may  procure  some  evidence  concerning  tfie 
position  of  coronal  streamers,  and  thus  contribute  to  our  knowl- 
edge of  their  influence  on  the  Fraunhofer  spectrum. 

Utrecht,  April  7,  1903. 

nebulous  lines,  symmetrically  situated  about  the  centra!  line  (Jeweli  ,  Astrophysical 
Journal,  3,  108,  1896).  It  might  have  been  predicted  by  our  theory  that  we  should  meat 
with  this  phenomenon.  Let  us  consider  a  beam  of  light  of  an  exactly  defined  wave- 
length belonging  to  the  shaded  background  of  an  absorption  line.  This  beam  leaves 
the  deeper  layers  of  the  Sun  with  a  certain  divergence.  As  it  passes  along  a  "tube"  of 
the  corona,  its  divergence  will  alternately  diminish  and  increase,  and  on  reaching  the 
Earth  it  shows  in  the  spectrum  an  intensity  depending  on  the  divergence  (or,  per- 
haps, convergence)  with  which  it  has  left  the  last  traces  of  the  corona.  For  a  beam 
of  light  whose  wave-length  is  only  slightly  nearer  to  that  of  the  absorption  line,  the 
medium  will  have  a  considerably  greater  refraction-constant,  so  that  the  rays  of  this 
beam  on  their  way  through  the  corona  may  make  part  of  a  bend  more  than  the 
former  ones.  The  beam  may  therefore  arrive  with  a  quite  different  degree  of  diver- 
gence, and,  consequently,  of  intensity.  Thus,  proceeding  toward  the  absorption  line 
from  either  side,  we  easily  see  that  we  must  meet  with  a  periodically  changing  inten- 
sity. Rays  corresponding  to  the  middle  of  one  of  the  fringes  so  formed  will  have 
made  one  full  bend  more  or  less  than  the  rays  belonging  to  the  middle  of  the  next 
fringes. 

If  this  interpretation  be  correct,  the  width  and  the  number  of  fringes  visible 
must  prove  to  be  variable.  So  far  as  I  know,  the  observations  made  on  this  point  are 
not  numerous.  I  trust  that  the  proposed  views  may  serve  to  further  the  investigation 
of  this  interesting  phenomenon. 


THE  WAVE-LENGTHS  OF  THE  SILICON  LINES  \4128 
AND  X4131  AND  OF  THE  CARBON  LINE  \4267. 

By   J.    H  A  RT  M  ANN. 

Supplementing  my  recent  determination '  of  the  wave-length 
of  the  magnesium  line  X4481,  I  should  like  to  communicate  my 
measurements  on  three  other  lines  which,  like  the  magnesium  line, 
occur  as  well-measurable  lines  in  stellar  spectra  of  the  first  type, 
although  hitherto  their  \ery  diffuse  character  has  not  permitted 
an  accurate  laboratory  determination  of  their  wave  lengths. 

The  lines  at  \4128  and  X4131  are  among  the  strongest  in  the 
spark  spectrum  of  silicon.  I  will  here  mention  onl\^  the  follow- 
ing of  the  earlier  determinations  of  their  wave-lengths: 

Eder  and  \'alenta  (Detikschriften  d.  Wiener  Akad.,^  60, 

260,  1893)        -         -         - 4128.5  4131-5 

Lockyer  (/'/•OiT.  /?.  5.,  61,  443,  1897)    -         -         -         -  4128.6         4131.4 

Exner  and  Haschek  (Astrophysical  Journal,  12,  49, 

1900) 4128. 1  4131.0 

It  may  readily  be  seen  from  the  great  difference  in  the  above 
values  how  uncertain  the  wave-lengths  of  these  lines  have  been 
hitherto  on  account  of  their  diffuseness.  Like  the  magnesium 
line,  however,  they  may  be  obtained  as  perfectly  sharp  lines  if 
the  pressure  of  the  luminous  vapor  is  greatly  reduced.  In  col- 
laboration with  Dr.  Eberhard  I  have  accordingly  made  with 
Spectrograph  III  a  number  of  photographs  of  the  spectrum  of 
Geissler  tubes  containing  silicon  tetrafiuoride  under  low  pressure. 
Basing  the  determinations  upon  Kayser's  wave-length  of  the 
three  iron  lines  at  X41 18.709,  4132.217,3  and  4144.033,  I  obtained 
the  following  wave-length  of  the  silicon  lines  : 

Plate  III:   528,530     -  -  -  -     4128.205  4131.038 

531  -  -  -  -  .201  .036 

532  -  .  -  -  .207  .042 

533  -         -         -         -  -203  .042 

Mean     -         -         -     4128.204  4131.040 

'Phyiikalische  Zeitschrift,  4,  427,  1903.  . 

"In  the  original  the  wave-length  is  given  by  mistake  as  4126.5. 
'Communicated  by  Professor  Kayser  in  a  letter. 
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The  line  at  4267  appears  very  strong  and  diffuse  in  the  spark 
spectrum  of  carbon.  The  most  important  earlier  determinations 
of  its  wave-length  are  as  follows  : 

Angstrom  and  Thal^n  (TVci/a  ^<r/.  5of.  Upsala,  1875)     -         -  -     4266.0 

Hartle)' and  Adeney  (/"/i//.  7>-a«j.,  1884  ) 4266.3 

Eder  and  Valenta  (Z'^«.f.fi://r?//'^«  </.  Wiener  Akad.,  1893)       -  -     4267.5 
Deslandres  (CompUs  rendi/s,  1895)    ------  4267.0 

Exner  and  Haschek  {Siizung-sierieA(e  d.  l-VzenerAiad.,  iSgy)  -     4267.10 

This  wave-length  was  accordingly  hitherto  quite  inaccurate. 

The  line  may  be  obtained  sharp,  if  powerful  spark  discharges 
(with  condenser  and  spark-gap)  are  passed  through  a  Geissler 
tube  containing  a  carbon  compound  at  low  pressure.  In  this 
way,  using  a  cyanogen  tube,  I  made  the  following  two  deternti- 
nations  of  the  wave-length  of  this  line  some  time  ago. 
Plate  III:  495  -----  4267.304 
496        -         -         -         -  .298 


Mean         -         -         -     4267.301 

This  value  is  also  referred  to  Kayser's  standards. 

Even  in  a  vacuum  the  line  always  remains  rather  broad,  and 
it  gives  the  impression  of  duplicity,  the  components  not  being 
resolvable  with  the  dispersion  employed.     The  determination  of 

the  wave-length  is  therefore  somewhat  uncertain. 

Potsdam, 
April  13,  1903. 


SOME  MISCELLANEOUS    RADIAL  VELOCITY  DETER- 
MINATIONS WITH  THE   BRUCE  SPECTROGRAPH. 

By   Walter    S.    Adams. 
THE    RADIAL    VELOCITIES    OF    THE    TWO    COMPONENTS    OF    6 1     CYCV/. 

The  recent  adaptation  of  the  Bruce  spectrograph  for  use  with 
one  prism  has  made  possible  a  determination  of  the  radial  veloci- 
ties of  the  two  stars  composing  6i  Cygni  which  is  of  interest 
because  of  its  important  bearing  upon  the  question  of  the  physi- 
cal connection  and  relative  parallax  of  this  celebrated  pair.  The 
spectrograms  obtained  are  as  follows: 

6 1  ■  CYGNI. 


B387 
DB'  25 
DB'  36 


1902,  -August  II 

1903,  May   17 
June    6 


Velocity 


—  6^  km 
61 
63 


Mean  —62  km 

62  »  CYGNI. 


Plate 

Date 

No.  of  Lines 

Velocity 

C    13 
DB-  10 
DB'  32 

1903,  January  g 
May    ■   7 
June        5 

9 
13 
16 

—  63km 
65 
61 

Mean         —63  km 

Plate  B  387  was  taken  with  the  regular  three-prism  train  and 
the  24-inch  camera;  plate  C  13,  with  the  same  prism  train  and  a 
10.5-inch  camera;  the  remainder  of  the  plates,  with  a  single 
prism  and  the  24-inch  camera. 

The  degree  of  accuracy  attained  is  probably  somewhat  higher 
in  the  case  of  61'.  The  error  of  the  mean  should,  however,  in 
neither  case  exceed  about  3  km.  A  value  of  —  54  km  was 
obtained  for  61"  Cygni  by  Belopolsky  at  Pulkowa  in  1895,  based 
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upon  the  measurement  of  five  lines  on  each  of  two  plates.  This 
constitutes  the  only  previously  published  determination  for  either 
of  the  stars. 

The  agreement  of  the  radial  velocities  of  the  two  components, 
when  considered  in  connection  with  their  similar  proper  motions, 
would  seem  to  indicate  that  the  stars  are  unquestionably  physi- 
'rally  connected.  Their  real  motion  in  reference  to  the  Sun, 
under  the  assumption  of  a  parallax  of  0.'4  and  a  proper  motion 
of  5. '2,  would  be  about  80  km,  or  in  space,  when  corrected  for 
the  solar  motion,  about  64  km. 


THE    R.A.DIAL    VELOCITY    OF    e  URSAE  MAJOR/S. 

The  bright  star  e  Ursae  Majoris  was  included  in  the  list  of 
stars  whose  radial  velocities  were  determined  by  Vogel  and 
Scheiner  at  Potsdam  in  18S9-90.  The  mean  of  their  values  is 
—  30.4  km  for  the  epoch  1S89.39.  A  plate  obtained  with  the 
Bruce  spectrograph  in  April  ig02  gave  a  value  of  —8  km. 
While  the  spectrum  of  this  star  is  of  the  Ia2  type  of  Vogel's 
classification  with  faint  and  broad  metallic  lines  whose  accurate 
measurement  is  difificult,  a  discrepancy  of  this  amount  is  too 
large  to  be  accounted  for  in  such  a  way,  and  is  not  encountered 
among  other  stars  of  the  Potsdam  list  having  similar  spectra. 
Accordingly  the  star  was  placed  upon  the  observing  list,  and  the 
following  plates  were  obtained  : 


Plate 

Date 

No.  of  Lines 

Velocity 

B339 

1902,  April    30 

10 

-8  km 

B344 

May     14 

8 

8 

B364 

June     20 

9 

8 

A  357 

July      23 

7 

8 

B479 

Dec.     31 

12 

II 

B496 

1903,  March  24 

16 

10 

A  422 

April      2 

13 

10 

A  431 

April      8 

13 

10 

A  440 

April    16 

12 

II 

Mean         —9-4  km 

The  accordance  of  these  measures  is  entirely  satisfactory  for 
a  star  with  this  type  of  spectrum,  and  it  would  appear  that  no 
appreciable  change  has  taken  place   in   the   star's   radial  velocity 
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during  the  interval  of  a  year  covered  by  the  observations.  The 
difference  as  compared  with  the  Potsdam  results  consequently  is 
not  accounted  for,  but  it  seems  quite  possible  that  we  may  here 
be  dealing  with  a  spectroscopic  binary  of  much  longer  period 
than  any  met  with  hitherto. 


THE    VARIABLE    VELOCITY    OF 


SCORPIl    IX     THE     LINE     OF     SIGHT. 


Four  spectrograms   give   the   following  values   of  the  radial 
velocity  of  this  bright  star  : 


Plate 

D.iie 

No.  of  Lines 

Velocity 

B  327 

A  439 

DB'    29 

DB'    42 

iq02,  April  16 

1903,  April  16 

June      5 

June    12 

7 

4 
5 
4 

—   9  km 
+  19 
-99 
-97 

The  spectrum  is  of  the  Orion  type,  but  all  the  lines  are 
exceedingly  broad,  and  the  measures  are  uncertain  to  the  extent 
of  several  kilometers.  The  use  of  low  dispersion  in  photograph- 
ing the  spectrum  of  this  star  has  proved  of  decided  advantage, 
the  gain  in  narrowness  of  the  lines  more  than  counteracting  the 
effect  of  the  reduced  scale. 


THE    VARIABLE    VELOCITY    OF     £    HERCULIS    IX    THE    LIXE    OF    SIGHT. 

The  spectrum  of  this  star  appears  to  be  composite,  and  its 
variations  will  be  made  the  subject  of  further  investigation. 
Three  spectrograms  furnish  the  following  velocity  for  the  star 
which  gives  the  stronger  lines,  the  spectrum  being  of  the  Ia2 
type :  


A  449 
DB-  17 
"B-    33 


No.  of  Lines     Velocity 


1903,  April  30 
May  7 
June      6 


-58  km 
-43 


These  measures  are  to  be  regarded  as  preliminary  and  may  be 
changed  considerably  in  a  further  discussion  of  the  star's  motion. 

Yerkes  Observatory, 
June  15,  1903. 


Minor  Contributions  and  Notes. 


A  PHOTOGRAPHIC  MAP  OF  THE   ENTIRE   SKY." 

The  collection  of  photographs  at  the  Harvard  College  Observatory 
contains,  in  addition  to  the  plates  taken  with  the  larger  instruments, 
numerous  photographs  taken  with  two  small  anastigmatic  lenses,  each 
having  an  aperture  of  one  inch,  and  a  focal  length  of  about  thirteen 
inches.  A  region  of  more  than  thirty  degrees  square  is  covered  by  a 
single  eight  bv  ten  inch  plate.  With  exposures  of  one  hour,  stars  as 
faint  as  the  twelfth  magnitude  are,  in  some  cases,  obtained.  Owing  tb 
the  scale  of  the  plates,  identification  of  the  individual  stars  would 
become  difficult  if,  bv  using  longer  exposures,  the  number  of  stars  were 
increased.  One  of  these  lenses  is  mounted  at  Cambridge,  and  is  used 
principally  for  the  northern  stars.  The  other  is  similarly  used  for  the 
southern  stars  at  Arequipa.  At  each  station  two  sets  of  photographs 
have  been  taken,  the  first  having  centers  in  declinations  o°,  30°,  60°, 
and  90°,  and  the  second  in  declinations  15°,  45°,  and  75°,  the  cen- 
ters of  the  second  set  coinciding  as  nearly  as  possible  with  the  corners 
of  the  first.  An  attempt  is  made  to  cover  all  parts  of  the  sky,  not  too 
near  the  Sun,  at  least  twice  each  month,  once  with  each  set.  These 
photographs  have  proved  unexpectedly  useful  here  for  determining 
the  past  as  well  as  the  present  changes  in  light  of  variable  stars,  new 
stars,  and  similar  objects.  (See  Circular  No.  69,  and  elsewhere.)  Of 
course,  the  small  scale  diminishes  their  value  for  measuring  positions, 
although  the  minuteness  of  the  images  in  part  compensates  for  this 
difficulty. 

The  amount  of  useful  material  contained  in  these  plates  is  so 
great  that  we  are  able  to  extract  but  a  small  portion  of  it,  although  an 
appropriation  from  the  Carnegie  Institution  has,  this  year,  permitted 
a  great  increase  to  be  made.  Various  plans  have  been  considered  for 
placing  copies  of  the  photographs  thus  collected  within  the  reach  of 
astronomers.  It  was  at  first  proposed  to  print  a  series  of  engravings 
on  the  same  scale  as  the  charts  of  the  Durchmusterutig.  Numerous 
difficulties  presented  themselves,  especially  if  an  attempt  was  made  to 
engrave  the    parallels  and  meridians  upon    the    charts.     The  defects 

^Harvard  College  Observatory  Circular  No.  71. 
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introduced  b}-  paper  and  ink  are  very  troublesome,  and  are  likely  to 
differ  in  different  copies.  The  variation  in  intensity  of  images  which 
can  be  represented  on  paper  is  small  compared  with  that  on  glass, 
and,  finally,  the  expense  would  be  large.  The  advantages  of  glass 
negatives  are  very  great,  especially  to  one  accustomed  to  use  them. 
They  can  be  reproduced  by  contact  printing  so  as  to  give  results  but 
slightly  inferior  to  the  original.  A  single  contact  print,  forming  a 
positive,  with  bright  stars  on  a  dark  background,  although  more 
nearly  resembling  the  sky  itself,  does  not  prove  convenient  in  actual 
use.  It  cannot  be  superposed  upon  another  positive,  nor  upon  a  paper 
map.  A  double  contact  print,  however,  furnishes  a  negative  which 
is  for  some  purposes  nearly  as  useful  as  the  original.  Measurements 
of  position  or  intensity  of  the  images  can  be  made,  the  cost  is  not 
large,  and  is  nearly  proportional  to  the  number  of  copies  furnished. 
A  set  of  fifty-five  of  these  prints  on  glass,  covering  the  sky  from  the 
north  to  the  south  pole,  has  accordingly  been  prepared,  and  is  describ- 
ed in  Table  I.  A  current  number  for  designating  the  plate,  and  the 
approximate  right  ascension  and  declination  of  the  center,  are  given 
in  the  first  three  columns.  The  designation  of  the  original  negative 
is  given  in  the  fourth  column.  It  consists  of  the  letters  indicating  the 
series,  and  the  number  of  the  plate  in  that  series.  The  plates  taken 
with  the  anastigmatic  lens  at  Cambridge  are  indicated  by  the  letters 
AC,  those  at  Arequipaby  AM.  The  date,  the  Greenwich  Mean  Time, 
and  the  length  of  exposure,  expressed  in  minutes,  are  given  in  the 
next  three  columns.  Remarks  on  some  of  the  plates  follow  the  table. 
The  position  of  any  particular  object  is  indicated  by  two  numbers 
placed  in  brackets.  The  first  gives  the  distance  of  the  object,  in 
millimeters,  from  the  left-hand  edge  of  the  exposed  portion  of  the 
plate.  The  second  number  gives  the  corresponding  distance  from  the 
lower  edge  of  the  exposed  portion. 

In  the  use  of  these  plates  certain  suggestions  may  be  made, 
especially  for  the  benefit  of  those  unaccustomed  to  astronomical 
photographs.  To  compare  them  with  the  sky,  they  should  be  examined 
with  the  glass  side  toward  the  eye.  Objects  of  interest  may  then 
be  conveniently  marked  on  this  side  of  the  plate  with  a  pen.  The 
label  is  on  the  southern  end  of  each  plate,  excepting  in  the  cases  of 
Nos.  I  and  54,  which  contain  the  north  and  south  poles,  respectively. 
Conspicuous  configurations,  like  those  of  Orion,  Ursa  Major,  and 
Scorpius,  are  easily  recognized  by  inspection,  aided  when  necessary  by 
a  small  atlas.     For  the  faint   stars,  a  comparison   may  be   made   with 


72 


MIXOR  CONTRIBUT/OXS  A.XD  XOTES 


TABLE  ] 

CATALOGUE    OF 

PLATES. 

No. 

R.  A. 

Dec. 

Negative 

Date 

G.  M.  T. 

Ex. 

\ 

h.  m. 
0  00 

+90 

AC   2161 

y.              m. 
1902,  January 

d. 
4 

h.      m. 
22    43 

39 

2 

0  00 

+60 

AC    1943 
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71 
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73 

30 

16  00 

0 

AM  1420 

1902,  July 

3 

13  15 

60 

3' 

18  00 

0 

AM  1436 

1902,  July 

9 

14  18 

60 

32 

20  00 

0 

AM  1439 

1902,  July 
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60 

33 
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9 
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60 

35 
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61 

36 
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61 
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9 
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72 

51 

15  00 

-60 

AM  1469 

1902,  July 

14 

14   '3 

60 

52 

18  00 

-60 

AM     S09 

1901,  May 

27 

17  48 

61 
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the  charts  of  the  Durchmusterung,  which  are  on  nearly  four  times  the 
scale.  The  plates  ma\-  be  examined  with  a  reading  glass  era  two-inch 
positive  eyepiece.  The  latter  will,  in  almost  all  cases,  serve  to  distin- 
guish defects  from  actual  star  images.  It  will  be  noticed  that  images 
of  bright  stars  are  surrounded  by  sixteen  rays,  due  to  the  iris 
diaphragm  of  the  lens. 

REM.^RKS. 

1.  The  position  of  the  North  Pole  is  [95,  104].  [97,  III],  the  Pole  Star.  The 
circular  form  and  absence  of  diffraction  rays  show  that  [no,  118]  is  a  defect. 

2.  See  No.  10. 

3.  Owing  to  a  change  in  the  scheme  of  work,  photographs  have  not  been  obtained 
in  the  position  of  this  and  of  the  following  region.  These  omissions  will  be  supplied 
in  a  few  weeks,  or  as  soon  as  their  positions  permit  photographs  to  be  obtained. 

4.  See  No.  3. 

6.  [25,  89],  iUrsae  Majoris;  also  on  No.  7  [172.  85]. 

7.  See  No.  6. 

10.  [48,    190],  Nebula  in  Andromeda;    also    on    No.    2    [47,    11]. 

12.  [117,  69], /"iVmoVj,  showing  also  the  nebulosity  surrounding  them.  Star  1 
and  perhaps  m  of  the  sequence  given  in  Harvard  Annals,  XVIII,  p.  153,  appears  on 
this  plate.  [131,  185],  Nova  Persei,  No.  2.  Nos.  54,  58,  and  64  of  Hagen's  Catalogue 
are  readily  seen. 

13.  [80,  58,  Neptune.  [39,  107],  Nova  Geminorum.  Stars  t  and  w  of  Circular 
No.  70  {Hagen  73  and  77)  appear  on  this  plate.  Numerous  clusters  are  also  shown 
where  it  is  crossed  by  the  Milky  Way.     [82,  71],  the  cluster  N.  G.  C.  2129. 

14.  [40,  48],  Praesepe. 

17.  [115,  92],  the  cluster  Messier  3,  N.  G.  C.  5272. 

18.  [51,  125],  Messier  13,  N.  G.  C.  6205,  the  cluster  in  Hercules. 

19.  [46,  163],  the  double  stars  e  and  5,  Lyrae;  also  on  Plate  20  [180,  169]. 
[31,  124],  Messier  57,  N.   G.   C.  6720.     The   Ring  Nebula  in  Lyra;  also  on  Plate  20 

[175. 127]- 

20.  See  No.  19. 

25.  [134,  80],  N.  G.  C.  1976,  the  great  Nebula  in  Orw;/,  [126,  91J,  f  Or/£>«!'i 
showing  the  faint  nebulosity,  N.  G.  C.  2024,  north  following  it.  [106,  105],  a  Orionis 
The  red  color  of  this  star  is  well  shown  by  its  faintness  on  the  photograph.  [40,  161], 
the  cluster  Messier  14,  iV.  C  C  2287.  [31,  3J,  S'/V/Ki.  The  circle  around  this,  and 
other  very  bright  stars,  is  due  to  light  reflected  from  the  back  of  the  plate. 

30.   [167,  116],  the  cluster  Messier  5,  N.  G.  C.  5904. 

37-   [- A,  >ii],  Pallas. 

40.  The  fogging  on  the  northern  edge  is  due  to  the  Moon. 

42.  |68,  119],  a5cor///.  The  red  color  of  this  star  is  well  shown  by  its  faintness 
on  the  photograph. 

43.  (166,  141],  Uranus.  [126,  89J,  the  cluster  Messier  7,  A'.  G.  C.  6475.  ri09_ 
751,  the  cluster  Messier  6,  A'.  G.  C.  6405.  [99,  144].  the  Trifid  Nebula,  N.  G.  C.  6514. 
See  Annals  .\.XVI,  p.  204,  and  Plate  III.     [96,  136],  N.  G.  C.  6523. 

44.  [127,  136J,  Vesla.     [113,  149J,  5a/Kr«. 
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45.  [169,  i6c)],y«/;Vfr.  Satellite  III  is  seen  about  half  a  millimeter  to  the  left 
of  it 

46.  [87,  25],  the  cluster  47  Tucanae,  A'.  G.  C.  104.  [76,  17],  the  Small  Magel- 
lanic Cloud.  See  Annals  XXVI,  p.  205,  and  Plate  IV.  [24,  102],  Acherttar 
a  Eridani.  Next  to  Siritis,  this  is  the  brightest  star  in  the  sky;  also  on  No.  47 
[167,  102]. 

48.  [115,  40],  the  Large  Magellanic  Cloud.  See  Annals,  XXVI,  p.  206,  and 
Plate  IV^.  [77,  137],  Canopus,  a  Caritiae.  [13,  73],  the  cluster  N.  G.  C.  2516  ;  also  on 
No.  49  [145,  86]. 

49.  Several  fine  clusters  appear  on  this  plate,  which  are  better  shown  on  Plate  50. 

50.  [182,  49],  the  cluster  N.  G.  C.  3114;  also  on  Plate  49  [56,  94].  [153,64], 
■f)Carinae  or  1)  Argus;  also  on  Plate  49  [24,  88].  This  is  one  of  the  most  remarkable 
regions  in  the  sky.  See  Annals  XXVI,  p.  206,  and  Plates  V  and  VII.  [138,  74]. 
iV.  G.  C.  3523;  also  on  Plate  49,  [6,  86].  [113,  61],  N.  G.  C.  3766.  The  Southern 
Cross  is  well  shown  on  this  plate.  See  also  Annals  XXVI,  p.  203,  .'ind  Plate  II.  [85, 
Tg],dCrucis.  [yg,  $2],  a  Cruets.  [72,  88],  7  Crz/cij.  [62,  71],  pCrucis.  The  faiitf- 
ness  of  7  Crucis  is  due  to  its  red  color.  This  renders  the  Cross  less  conspicuous  on 
the  photograph  than  to  the  eye.  [58,66],  the  cluster  KCnicis,  N.  C  C  4755.  [7, 
%o\.  ^ Ceniauri.  [6,  1 34],  the  cluster  ui CfH/aKW,  A^  (7.  6'.  5139,  the  finest  globular 
cluster  in  the  sky. 

51.  [l44,go],pCenlauri;  also  on  No.  55  [99,193].  [118,  gi],  aCenlauri;  also 
on  No.  55  [72,  188].  So  far  as  known  this  is  the  nearest  star  in  the  sky.  [42,  124], 
the  cluster  JV.  G.  C.  6067. 

54.  As  the  latitude  of  the  Arequipa  station  is  —  16"  22  ,  a  good  photograph 
could  not  be  obtained  if  the  declination  of  the  center  of  the  plate  was  at  —  90°, 
Accordingly,  this  plate  has  been  taken  in  R.  A.  o\  o",  Decertiber  —  8^36.  Plate  55, 
taken  from  the  other  set  of  photographs,  has  been  added,  to  cover  the  region  which 
would  otherwise  be  omitted.  The  position  of  the  South  Pole  is  [92,  61];  also  on  No. 
55  [96.  ISJ-  [96.  64],  aOctantis;  also  on  No.  55  [91,  14].  [84,  166],  47  Tucanae. 
[73.  157].  'he  Small  Magellanic  Cloud. 

55.  See  Nos.  51  and  54. 

The  cost  of  tliese  plates  will  prevent  the  wide,  gratuitous  distribu- 
tion of  them  that  is  made  of  the  Annals.  In  an}'  case,  this  would  not 
be  advisable,  since  many  would  thus  be  placed  where  little  or  no  use 
would  be  made  of  them.  Copies  of  this  set  of  photographs,  consist- 
ing of  fifty-five  glass  negatives,  each  eight  by  ten  inches,  will  be 
supplied  for  Si 5  ;  selected  sets  of  ten  plates,  S3.  This  is  less  than  the 
actual  cost,  the  balance  being  paid  from  the  Advancement  of  Astro- 
nomical Science  Fund  of  the  Harvard  Observatory.  The  privilege  of 
increasing  the  price  later  is  reserved.  If  the  demand  justifies  it,  copies 
of  the  second  set  of  plates,  whose  centers  are  near  the  corners  of  these, 
will  be  issued  later. 

Edward  C.   Pickering. 

May  19,  1903. 


Reviews 

The  Theory  of  Optics.  By  Paul  Drude.  Translated  from  the 
German  by  C.  Riborg  Mann  and  Robert  A.  Millikan,  of 
the  University  of  Chicago.  New  York  :  LongmanSj  Green 
&  Co.,  1902. 

It  is  a  satisfaction  to  note  that  there  has  appeared  a  translation  of 
this  work,  which  received  such  instant  recognition  at  the  hands  of 
physicists  the  world  over  upon  its  appearance  in  Germany.  The  trans- 
lators deserve  much  praise  for  the  conscientious  and  accurate  manner 
in  which  they  have  accomplished  their  task. 

As  to  the  subject-matter  :  Professor  Drude  has  produced  a  work  of 
the  greatest  value — distinctly  modern  and  up  to  date,  logical  and  con- 
cise, yet  clear.  The  keynote  of  the  work  is  sounded  by  the  author  in 
his  preface:  "My  purpose  is  attained  if  these  pages  strengthen  the 
reader  in  the  view  that  optics  is  not  an  old  and  worn-out  branch  of 
physics,  but  that  in  it  also  there  pulses  a  new  life  whose  further  nourish- 
ing must  be  inviting  to  everyone."  (The  English  here  is  not  a  fair 
sample  of  the  work  of  the  translators.) 

In  detail  we  may  note  the  following: 

The  mathematical  treatment  of  the  formation  of  images  is  very 
thorough.  A  brief  practical  survey  of  optical  instruments  (telescope, 
microscope,  photographic  lens  systems,  etc.)  is  given.  The  subject  of 
photography  in  natural  colors  is  merely  touched  upon. 

One  of  the  most  valuable  and  remarkable  parts  of  the  book  is  that 
which  deals  with  diffraction  problems.  Starting  with  Huyghen's  ele- 
mentary light-wave  principle,  Fresnel's  modification  of  it,  and  Kirch- 
hoff's  further  development  (simplified  by  Voigt),  the  reader  is  led 
logically  through  an  exhaustive  mathematical  discussion  of  important 
diffraction  phenomena.  This  is  accompanied  by  a  brief  treatment  of 
grating,  prism,  and  echelon. 

Under  polarization  phenomena  Wiener's  stationary  light-wave 
experiment  is  mentioned  and  emphasized,  and  rightly  so,  for  from  it 
the  important  conclusion  follows  inevitably  that  the  direction  of  the 
light  vector  is  perpendicular  to  the  plane  of  polarization. 

Attention  is  called  to  the  first  brilliant  success  of  the  electromag- 
netic theory  of  light,  that  "the  velocity  of  light  in  ether  is  equal  to 
the  ratio  of  the  electromagnetic  to  the  electrostatic  units." 

In  discussing  the  subject  of  dispersion  in  the  magnetic  rotation  of 
the  plane  of  polarization,  the  bearing  of  the  phenomenon  known  as  the 
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Hall  effect  is  shown,  and  the  Ampere-Weber  theory  of  molecular  cur- 
rents is  modified  so  as  to  give  the  correct  results.  From  this  discus- 
sion we  are  then  led  directl)-  to  Voigt's  theory  of  the  Zeeman  effect. 
The  statement  is  made  that  the  ph)-sical  significance  of  Voigt's  explana- 
tion of  anomalous  Zeeman  effects  has  not  vet  been  shown. 

The  "  ion  hypothesis  leads  to  some  new  dispersion  formulse  for  the 
natural  and  magnetic  rotation  of  the  plane  of  polarization." 

A  comprehensive  treatment  of  light  problems  with  reference  to 
bodies  in  motion  leads  to  the  aberration  of  light  and  to  Michelson's 
experiment  with  the  refractometer  oriented  in  two  positions  with 
respect  to  the  rotation  of  the  earth.  This  latter  is  followed  bj-  the 
rather  startling  explanatory  proposition  advanced  by  Lorentz  and  by 
Fitzgerald,  that  the  length  of  a  solid  body  may  depend  upon  its 
absolute  motion  in  space. 

Part  III,  "Radiation,"  covering  in  the  original  German  but  fifty- 
seven  pages,  and  in  the  translation  sixty,  is  a  fine  piece  of  work.  The 
subject  treated  might  well  demand  an  entirelj-  separate  book ;  vet 
Professor  Drude's  discussion  is  clear  and  logical. 

The  electromagnetic  theory  is  adopted  as  fulfilling  most  com- 
pletely the  test  of  experiment ;  and  as  Professor  Michelson  savs  in  his 
preface  to  the  English  edition,  "  Xo  complete  development  of  the 
electromagnetic  theorv  in  all  its  bearings,  and  no  comprehensive 
discussion  of  the  relation  between  the  laws  of  radiation  and  the  prin- 
ciples of  theorenodynamics  have  yet  been  attempted  in  any  general 
text  in  English." 

Throughout  the  whole  treatise  we  discern  a  strong  tendency  to  view 
nature  as  a  mechanism.  The  discussion  and  interpretation  of  equations 
resulting  from  mathematical  reasoning  are  both  able  and  clear. 
Descriptively,  the  book  is  fully  on  a  par  with  Preston's  Theory  of 
Light  and  mathematically  more  valuable,  as  well  as  more  lucid  and 
attractive,  than  Basset's  Treatise  on  Physical  Optics. 

The  general  criticism  may  be  made  that  the  book  is  unbalanced, 
too  little  space  being  given  to  some  subjects,  too  much  to  others.  This, 
however,  is  quite  a  pardonable  fault,  especially  as  the  author  makes 
"no  claim  to  such  completeness  as  is  aimed  at  in  Mascart's  excellent 
treatise,  or  in  Winkelmann's  Handbuch"  and  writes  :  "  For  the  sake  of 
brevity  I  have  passed  over  many  interesting  and  important  fields  of 
optical  investigation." 

Professor  Drude's  Theory  of  Optics  should  be  assigned  a  most 
prominent  place  in  the  library  of  every  modern  physicist  —  a  place 
which  it  should  hold  for  many  a  vear  despite  the  rapid  progress  of  the 
science.  N.  A.  K. 


THE 

ASTROPHYSICAL    JOURNAL 

AN    INTERNATIONAL    REVIEW    OF    SPECTROSCOPY 
AND    ASTRONOMICAL    PHYSICS 


VOLUME  xviii  SEPTEMBER     1903  number 


ON   MEASUREMENTS  OF  WAVE-LENGTH  WITH   THE 
CONCAVE  GRATING  OBJECTIVE  SPECTROSCOPE. 

Hy  F.  L.  O.  \Va  Dswo  RT  H. 

In  a  recent  jjaper  '  I  have  investigated  the  question  of  the 
aberration  which  is  introduced  by  the  use  of  the  concave  grating 
as  a  direct  objective  spectroscope.  It  was  found  that  for  all  points 
not  exactly  on  the  axis  of  the  grating  the  aberration  was  different 
in  nature,  and,  in  most  cases,  very  much  greater  in  amount  than 
that  produced  by  using  the  grating  in  the  manner  proposed  and 
adopted  by  Rowland.  The  question  of  the  effect  of  this 
increased  unsymmetrical  aberration  on  the  size  of  the  field  of 
good  definition  and  on  the  accuracy  of  measurement  of  wave- 
lengths with  the  instrument  were  very  briefly  discussed  in  the 
paper  to  which  reference  has  been  made  and  in  a  second  paper, 
"On  the  Optical  Conditions  Required  to  Secure  Maximum 
Accuracy  of  Measurement  in  the  Use  of  the  Telescope  and 
Spectroscope,"  published  in  preceding  numbers  of  this  Journal.^ 

"'On  the  Aberration  of  a  Concare  Grating  when  Used  as  an  Objective  Spectro- 
scope,"/"/«/.  Mag.,  (6)  6,  II9-156,  July  1903. 

°i6,  267-299;  17,  1-19,  100-133,  163;  See  particularly  pp.  285-288  (note 
errata  on  p.  287  as  corrected  in  17,  163). 
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The  theor)-  and  method  of  using  the  concave  grating  as  an 
objective  spectroscope  was  first  published  by  the  writer  in  1896.' 
Since  then  it  has  been  used  in  this  way  b}-  a  number  of  investi- 
gators, among  whom  may  be  mentioned  Poor,  Mitchell,  Frost, 
Mohler  and  Daniel,  and  Jewell  and  Humphreys.  It  was  used 
by  the  writer  in  igoo  at  Union  Springs,  Alabama,  in  photograph- 
ing the  flash  spectrum  and  coronal  rings  during  the  total  solar 
eclipse  of  May  28.^  The  unsatisfactory  results  yielded  by  the 
preliminary  examination  of  the  plates  then  obtained  led  me  to 
the  more  detailed  investigation  of  the  aberration  of  the  instru- 
ment;  and  the  conclusions  reached  indicate  that  both  as  a 
spectrograph  and  as  a  spectrometer  the  concave  grating  objective 
spectroscope  is  far  below  the  standard  of  the  objective  prisrh 
and  the  plane  grating  objective  spectroscope.  In  the  case  of 
our  own  plates  the  errors  of  displacement  of  the  lines  are  so 
large  and  the  definition  at  the  edges  of  the  field  so  imperfect 
that  I  have  not  considered  the  results  of  wave-length  measure- 
ment that  might  be  obtained  from  them  worthy  of  comparison 
with  those  determined  by  other  parties  with  the  slit,  objective 
prism,  and  plane  grating  objective  spectrographs. 3  This  bad 
definition  and  lack  of  accuracy  is  in  part  due,  in  our  case,  to  the 
very  large  angular  aperture  employed  (  with  the  view  of  securing 
great  rapidity),  and  in  part  to  the  method  of  mounting  adopted 
(also  with  a  specific  object).  This,  as  I  have  since  found  by 
the  mathematical  investigation,  is  less  favorable  than  another 
form  would  have  been. 

Other  observers  who  have  used  the  instrument  in  eclipse 
work  also  report  unfavorably^  as  to  the  ]ierformance  of  the 
instrument,  but  ascribe  the  poor  results  either  to  the  use  of 
improper  plates  or  to  defects  in  the  focusing.  While  these 
causes  may  have  operated  to  contribute  to  the  difficulties,  they 

'  AsTROPHYSlCAL  JOURNAL,  3,  54-60,  January  1896. 

'  Report  of  the  Director  of  the  Allegheny  Observatory  for  iqoo,  pp.  23-24  (9). 
Also  "  Account  of  Allegheny  Observatory  Eclipse  Expedition,"  S.  M.  KiNTNER, 
Western  University  Couratit,  15,  266-270. 

'See  also  footnote  on  p.  87. 

*  See  for  example  Frost,  Astroi'HYSICAL  Journal,  12,  85,  ^,o^  ;  Mohlf.r  and 
Daniel,  iliid.,  12,  361  and  Humphreys,  ibid.,  16,  313. 
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are  not,  as  it  now  appears,  the  chief  sources  of  error.  The 
latter  are  to  be  found  in  the  inherent  optical  defects  of  the 
instrument  itself. 

The  general  expression  for  the  aberration  in  the  primarv 
plane  of  a  concave  grating  when  used  as  an  objective  spectro- 
scope is,  as  has  been  already  found,' 

■7             P    ■    ^  o    ■     a         .(cos/  +  cos  6) 
Z^^ sin' asm  ^cos^  ^ -^ '' 

2  COS^'O 

,    p    .       -  cos  /  +  COS  6  ^         ■      /       /,  ^ ,        ( 1 ) 

+  -sin^a :r7, cos"/  — (cosS  +  2  cos /IManff'^  ^   ' 

8  cos=  6        ^  ^  I         a      i 

=  -  U-^  S, 

where  p  is  the  radius  of  curvature  of  the  grating  surface,  yS  is 
the  semi-angular  aperture  measured  at  the  center  of  curvature, 
and  /  and  6  are  the  angles  of  incidence  and  diffraction  respec- 
tively. Both  /3  and  d  are  measured  positively  to  the  right  from 
the  normal  to  the  grating  (viewed  from  the  center  of  curvature  ), 
while  /  is  measured  positively  to  the  left  of  this  axis.  The 
nature  and  numerical  value  of  the  aberration  depends  both  on 
the  dimensions  and  optical  constants  of  the  grating  and  on  the 
form  of  mounting  adopted  for  the  instrument.  As  described  in 
a  previous  paper,  there  are  four  general  types  of  mounting  that 
may  be  employed,  and  these  have  been  designated  respectively 
as  A-B,  C-D,  E-F,  and  G-H. 

In  the  solar  eclipse  work  with  which  we  are  now  dealing  only- 
two  of  these  types  have  been  used;  i.e.,  the  A-B  type  by  Frost, 
Mohler  and  Daniel,  and  Jewell  and  Humphreys,  and  the  G-H 
type  by  the  writer.  The  dimensions  and  other  optical  constants 
of  the  four  gratings  and  the  positions  in  which  they  were  used 
are  given  in  Table  I.  The  aberrations  at  the  centers  and  the 
edges  of  the  photographic  fields,  computed  from  the  data  in 
Table  I  by  the  aid  of  (  i ),  are  tabulated  in  Table  \\. 

In  order  to  determine  the  effect  of  a  given  amount  of  aberra- 
tion, Z,  on  the  form  and  position  of  the  spectral  image  at  dif- 
ferent parts  of  the  field  we  must  find  how  the  distribution  in 
intensity  in  the  diffraction  pattern  at  the  focal  plane  is  affected 
.by  the  unsymmetrical  constituent  f/and  the  symmetrical  constit- 

'  Phil.  Mag.,  6,  1 24,  July  1903. 
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TABLE  III. 


J/=^- 

U=U 

U=x 

£/=Za 

£/= 

2A 

a. 

/= 

/^ 

° 

4 

4 

~'° 

4 

t 

/; 

?. 

J I 

a               ''- 

f„ 

/; 

—  2.0 

.0000 

.OOS6 

-2.52 

.0030 

-2.88 

.0016 

-3.16 

.0001 

-3^S4 

.0004 

-4.0 

.0000 

-1-9 

.0027 

.0081 

—2.40 

.0026 

-2.74 

.0009 

—  3.00 

.0000  —3.65 

.0001 

-3-8 

.0001 

-1.8 

.0108 

.0061 

-2.27 

.0014 

-2.59 

.0002 

—  2.84     .0006:— 3.46 

.0000 

-3^6 

.0002 

-1-7 

.0229 

•0035 

-2.14 

.0002 

-2.45 

.0000 

—  2.68;  .0015  i  — 3.26 

.0004 

-3^4 

.0002 

-1.6 

•035S 

.0012 

—2.02]  .0001 

-2.30 

.0005 

-2.53 

.0020 

-3-07 

.0008 

-32 

.0000 

-'■5 

.0450 

.0000 

-1.89 

.0016 

-2.16 

.0010 

—  2.37 

.0019 

-2.88 

.0010 

-3^0 

.0001 

-1.4 

.0468 

.0004 

-1.76 

.0045 

—2.02 

.0010 

—  2.21 

.0012 

—  2.69 

.0008  !  —  2.8 

.0006 

-1-3 

■0392 

.0018 

-1.64 

.0081 

-1.87 

.0004 

—  2.06 

.0005 

—  2.50 

.0004  1—2.6 

.0014 

—  1.2 

•  0243 

.0032 

-1. 51 

.0110 

-^•73 

.0000 

—  1 .90 

.0001 

—  2.30 

.0001 

-2.4 

.0018 

—  I.I 

.0080 

0033 

-1.38 

.0123 

-1.58 

.0011 

-1.74 

.0000 

—  2. 1 1 

.0000 

—  2.2 

.0018 

—  I.O 

.0000 

.0018 

-1.26 

.0125 

-I   44 

.0049 

-1.58 

.0001 

-1.92 

.0002 

—  2.0 

.0015 

-0.9 

.0119 

.0001 

-1. 14 

.0112 

-1.30 

.0119 

-1.42 

.0006 

-'•73 

•  0013 

-1.8 

.0014 

-0.8 

.0547 

.0017 

—  1. 01 

.0101 

-1. 15 

.0212 

-1.26 

•  0034 

-1.54 

.0042 

-1.6 

.0020 

-0.7 

•1353 

.0125 

-0.88 

.0099 

—  1. 01 

.0313 

—  I.  10 

.0112 

-1-34 

.0101 

-1.4 

.0041 

-0.6 

•2545 

•0399 

—0.76 

.0120 

-0.86 

.0408 

-0.95 

■0234 

-1. 15 

.0164 

—  1.2 

.0092 

-0.5 

■4053 

.0911 

—0.63 

.0181 

-0.72 

•  0493 

-0.79 

.0428 

—0.96 

.02S7 

—  1.0 

.0189 

-0.4 

•5754 

.1714 

-0.51 

•0323 

-0.58 

.0579 

-0.63 

.0672 

-0.77 

.0388 

-0.8 

■0337 

-0.3 

■7368 

.2813 

-0.38 

.0605 

-0-43 

.06S8 

-0.48 

•0934 

-0.58 

.04S9 

-0.6 

.0522 

—  0.2 

.8751 

•  4159 

-0.25 

•  I  103 

—  0.29 

.0S56 

—0.32 

.1194 

-0.3S 

.0605 

-0.4 

•0719 

—  O.I 

.9675 

.5640 

— 0. 12 

.18S6 

-0.14 

.112S 

—  0. 16 

.1440 

— 0. 19 

.0764 

—0.2 

.0910 

—  0.0 

1 .  0000 

•  7093 

—0.00 

.2976 

—0.00 

•  ■553 

—  0.00 

.1688 

—0.00 

.  1002 

—0.0 

.1097 

+0.1 

■9675 

•  8326 

+0.12 

.4312 

+0.14 

.2178 

+0.16 

.1966 

+0.19 

.1348 

+0.2 

.1302 

+0.2 

.875' 

.9158 

+0.25 

•5731 

+0.29 

•  .3013 

+0.32 

.2304 

+0.38 

.  1804 

+0.4 

•■551 

+0.3 

.7368 

.9450 

+0.38 

.6983 

+0-43 

•  3998 

+0.48 

.2722 

+0.58 

.2320 

+0.6 

.i860 

+0.4 

•5754 

•  9137 

+0.51 

•7790 

+0.58 

•  4984 

+0.63 

•3205 

+0.77 

•2784 

+0.8 

.2208 

+0.5 

•4053 

.8246  +0.63 

.7919 

+0.72 

•  5733 

+0.79 

■  3682 

+0.96 

•3056 

+1.0 

.2519 

+0.6 

•2545 

.6901  +0.76 

.7278 

+0.86 

•  5994 

+0.95 

•4029 

+I.I5 

.3022 

+1.2 

•2679 

+0.7 

•1353 

.5287  +0.88 

•5951 

+  1.01 

•  5592 

+1.10 

•4077 

+■•34 

•2653 

+  1.4 

.2569 

+0.8 

•  0547 

.3629  •+1.01 

.4206  I  +  I.I5 

•  4528 

+  1.26 

•3695 

+  ■•54 

•2032 

+1.6 

•2147 

+0.9 

.0119 

.2144  +1.14 

.2422+1.^0    ,;027   +1-42 

.2863 

+  ■•73 

•  I3'6 

+1.8 

■490 

+1.0 

.0000 

.0999  +1.26 

.0983  +1    1  1      I  ;  '^   J-i  .58 

.1748 

+1.92 

.0673 

+2.0 

.0785 

+1.1 

.0080 

.0287  ,+1.38 

.0161   +1    ;^          '       ^1-74 

.06S6 

+2. II 

.0222 

+2.2 

.0244 

+1.2 

•  0243 

.0009  +1.51 

.0029  +1  , 7  ;,    '■'■'"■■  +1 .90 

.0061 

+2.30 

.0015 

+2.4 

.0007 

+  1-3 

.0392 

.0089  +1.64 

•0457,+i^S7i  -0379 

+2.06 

•0135 

+2.50 

.0000 

+2.6 

.0090 

+1-4 

.046S 

•0,395 

+1.76;  .1159 

+2.02 

.1262 

+2.21 

.0864 

+2.69 

.028  I 

+2.8 

•0395 

+  1-5 

.0450 

.0776 

+1.89!  ■■807 

+2.16 

.2198 

+2  •  37 

•1913 

+2.88 

.0656 

+3^0 

.0776 

+1.6 

•  035S 

.1095 

+2.02 

•  2138 

+2.. 30 

•  2749 

+2  •  53 

.2764 

+3^07 

.loSo 

+  3-2 

.1095 

+1-7 

.0229 

.1261 

+2.14 

.2046 

+2.45 

.2674 

+2.68 

.3088 

+3^26 

.1424 

+3^4 

.1258 

+  1.8 

.0108 

•1239 

+2.27 

.1592 

+2.59 

.2030 

+2.84 

.2467 

+3^46 

•1538 

+3^6 

.1215 

+1.9 

.0027 

.1052 

+2.40 

.0968 

+2.74 

.1128 

+3.00 

•1473 

+3 -65 

•1.323 

+3^8 

.0968 

+2.0 

.0000 

.0762 

+2^52 

.0402 

+2.88 

.0358 

+3^i6 

.0505 

+3^84 

.0822  1  +4.0 

.0580 

uent  S  respectively.  The  problem  has  been  investigated  in  part 
by  Lord  Rayieigh  for  small  values  of  U  and  5.,  i.e.,  values  not 
exceeding  0.5X.'  The  aberrations  with  which  we  have  to  deal  in 
the  above  cases  range  from  0.03A.  for  5  with  the   F  giating,  to 

'Phil.  Mag.,  (5)  8,  404. 
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8SX  for  U  with  the  W  grating.  Disregarding  the  very  large 
values  for  this  latter  instrument,  we  have  still  to  consider  the 
effect  of  unsvmmetrical  aberrations  amounting  to  as  much  as 
3.9X  for  the  J  grating.  I  have  therefore  extended  Rayleigh's 
results  for  the  effect  of  an  unsvmmetrical  aberration  to  values  as 
large  as  U=^2\.  The  values  of  I],  for  U^  ]^\,  }4\  ^X,  iX,  ii/^\, 
and  2X  for  a  rectangular  aperture  are  tabulated  in  columns  3,  5, 
7,  g,  II,  and  13,  respectively,  of  Table  III.  For  the  sake  of 
comparison  the  value  of  7°  for  U^O  (no  aberration),  is  given  in 
column  2  of  the  same  table.  The  abscissae  a  for  each  curve  are 
expressed  as  usual  in  terms  of  a,,  the  angular  distance  from  the 
center,  o,  of  the  geometrical  image  to  the  first  minimum,  w, ,  of 
the  normal  diffraction  pattern  I~  (column  2).  Owing  to  the 
manner  in  which  the  integral  involved  was  originallv  evaluated 
by  Airy,"  the  tabulated  values  of  7°  correspond  to  different 
values  of  a  for  each  value  of  ['.^ 

The  curves  expressing  the  relation  between  /f,  and  ~  for  these 

different  values  of  U  (o  to  2X )  are  plotted  in  Fig.  i. 

From  an  examination  of  the  values  of  tlje  table,  or  better 
still,  of  the  above  curves,  we  see  that  the  relation  between  U, 
the  extreme  unsj^mmetrical  wave  front  aberration,  and  the 
angular  displacement  0  —  0'  of  the  point  of  maximum  intensity 
of  the  resulting  distorted  image  is  almost  linear,  and  that  the 
amount  of  such  displacement  is 

U 

O  —  O  '  =  Ay  ^^  0.3    a„  X  ,  (2) 

4 
or,  expressed  in  linear  measure  at  the  focal  plane, 

\i=1.2'jU.  (3) 

Hence,  substituting  the  value  of  ^  from  (i),  we  obtain 

Af  ^  0.6  ^  ti  sin'  /3  — —^  (cos  /  -\-  cos  6)  cos  /  ,  (4) 

where  n  is  the  focal  length  of  the  grating. 

'See  Cainhridsc  IViil.  Trans.,  6,  402,  1838. 
'.See  Rayleigii,  Phil.  Mag.,  (5;  8,  405,  406. 
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For  the  purpose  of  determining  the  effect  of  this  displace- 
ment on  the  measurement  of  wave-lengths  it  is  convenient  to 
express  A^  in  terms  of  AX.  From  the  general  equation  of  the 
grating,  we  have 

vVX==(^  (sin /— sin  S)  (5) 

and 

^  (6) 

= r^  cos  0  —   . 

If  the  cross-wires  of  the  measuring  micrometer  are  always  set 
on  the  point  of  maximum  intensity,  0' ,  of  the  unsymmetrical 
image,  the  error  in  the  wave-length  measurement  due  to  the*^ 
aberration  of  the  concave  grating  spectroscope  will  therefore  be 

^A=  —  1.2  — cos^  .  (7) 

These  values  have  been  computed  for  the  values  of  6"^  given 
by  (i)  for  the  four  instruments  already  considered  and  are  found 
in  the  columns  headed  d\  of  Table  II. 

The  maximum  errors  of  displacement  due  to  aberration  are 
therefore  0.04  tenth-meters  in  the  case  of  Frost's  plates;  0.13 
tenth-meters  in  the  plates  obtained  by  Mohler  and  Daniel  ;  0.15 
tenth-meters  in  the  case  of  those  obtained  by  Jewell  and 
Humphreys  ;  and  so  large  as  to  be  indeterminate  at  both  the 
ends  and  center  of  the  plates  obtained  by  tlie  writer.  Compar- 
ing these  errors  of  displacement  with  the  cjuantities  eof  Table  I, 
which  represent  the  limiting  metrological  power  of  the  instru- 
ments under  the  best  conditions  of  use,  we  see  that  the  effect  of 
aberration  is  to  displace  the  spectral  images  by  amounts  which, 
in  the  case  of  gratings  F,  M,  and  J,  are  respectively,  about  four, 
fourteen  to  nineteen,  and  twenty  to  one  hundred  and  fifty  times 
as  great  as  the  metrological  errors  of  setting  on  the  lines.  In 
the  case  of  grating  W,  d\  is,  as  already  stated,  so  large  as  to  be 
indeterminate. 

The  above  considerations  arc  based  on  the  assumption  that 
the  setting  of  the  micrometer  wire  in  the  measurements  for 
determination  of  wave-length   is  affected   only  by  the  displace- 
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merit  of  the  maximum  of  intensity  in  the  central  band  of  the 
diffraction  pattern.  For  small  values  of  f/this  assumption  will 
be  very  nearly  correct,  but  for  large  values  the  setting  will  also 
be  affected  by  the  depression  of  the  principal  maximum,  <?',  and 
the  very  decided  augmentation  of  the  lateral  bands,  ^"  and  o'" . 
The  effect  of  the  symmetrical  aberration  5  will  also  tend  to 
depress  still  further  the  principal  maximum,  0' ,  and  to  obliterate 
the  minima, ;«,, ;«,,  w,,  by  a  re-distribution  of  the  relative  intcnsi 
ties  between  the  points,  w,o' ,  ms>" ,  t>t.p"',  etc. 

In  the  case  of  the  M  and  J  gratings  the  extreme  values  of  U 
are  I.3X  and  2.9 \,  respectively.  At  the  same  points  in  the  field 
the  corresponding  values  of  6"  are  about  o.iX.  The  effect  of 
this  amount  of  symmetrical  aberration  is  to  depress  the  central 
maximum  about  5  per  cent,  and  correspondingly  augment  the 
lateral  bands.  Considering  this,  and  taking  into  account  also 
the  effect  of  mechanical  vibrations,  small  errors  of  focusing,  etc. 
all  of  which  tend  in  the  same  direction,  we  shall  obtain  for  these 
large  values  of  U  a.  distribution  in  intensity  in  the  spectral  image 
similar  to  that  represented  in  the  shaded  curve  in  Fig.  2.  In 
setting  the  micrometer  wire  on  such  an  image  as  this,  the 
tendency  would  undoubtedly  be  to  place  it  considerably  farther 
to  the  right  than  the  point  0' ,  wliich  marks  the  location  of  the 
principal  maximum.  The  error  of  setting  in  these  cases  would 
therefore  considerably  exceed  the  quantity  A^  as  given  by  (3). 

In  cases  like  that  of  the  W  grating,  where  the  aberration, 
both  symmetrical  and  unsymmetrical,  amounts  to  a  very  much 
larger  number  of  wave-lengths,  the  central  and  lateral  bands  arc 
all  blended  into  a  broad  indefinite  blur  on  which  it  is  impossible 
to  set  the  micrometer  wire  with  any  pretensions  to  accuracy. 
At  the  points  very  near  the  axis  of  this  grating  [6  =  0)  there  is 
a  narrow  strip  over  which  the  definition  is  about  c(iual  to  that  at 
the  extreme  edges  of  the  field  of  the  M  and  J  gratings  ;  but  even 
here,  as  we  have  already  seen,  the  aberrations  are  from  fi\e  to 
twelve  times  greater  than  the  limit  imposed  by  considerations 
of  "good  definition,"  and  from  twenty  to  one  hundred  and  fifty 
times  the  limit  imposed  by  the  conditions  of  maximum  accuracy. 
It  is  for  these  reasons  that  the   plates  taken  at   Union  Springs 
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have  been,  as  already  stated,  rejected  as  unsuitable  for  accurate 
measurement.' 

On  account  of  the  small  angular  and  linear  apertures  of  F 
and  J^  the  definition  of  these  gratings  is  good  not  onl}-  at  the 
center  of  the  plate,  but  over  a  fair  extent  of  field.  The  plates 
obtained  with  these  instruments  have  been  measured  and  the 
wave-lengths  of  the  lines  so  determined  published. 3  Mohler  and 
Daniel  have  also  published  a  short  list  of  wave-length  measure- 
ments obtained  with  grating  M.'' 

I  have  been  interested  in  comparing  the  apparent  accuracy 
attained  in  these  measurements  with  that  to  be  expected  from 
the  preceding  considerations.  The  probable  uncertainties  in  the 
wave-length  determinations  as  assigned  by  the  observers  them-' 
selves  are  about  0.05  tenth-meters  at  the  center  and  about  0.2 

■  If  the  mathematical  investigation  of  the  aberration  of  the  concave  grating 
objective  spectroscope  had  been  undertalcen  before,  instead  of  after,  these  eclipse  obser- 
vations had  been  made,  much  disappointment  on  my  own  part  at  least  would  have 
been  avoided.  No  excuse  can  be  given  for  such  lack  of  preliminary  examination  save 
that  of  an  unavoidable  delay  that  occurred  in  organizing  and  financing  the  expedi- 
tion, and  the  lack  of  sufficient  assistance.  The  grating  had  been  hastily  examined 
beforehand  to  test  its  definition  near  the  axis  at  the  principal  focus,  and  this  had 
been  found  to  be  very  good.  In  these  tests,  however,  I  had  no  collimator  of  suffi- 
ciently large  aperture  to  cover  the  entire  surface  of  the  grating,  and  the  semi-angular 
aperture  /S  was  in  consequence  of  this  only  about  six-tenths  as  large  as  that  used  in  the 
actual  eclipse  work.  The  aberration  on  the  axis  of  the  grating,  was,  under  these 
circumstances,  only  about  one-eighth  as  great  as  with  full  aperture,  and  therefore  con- 
siderably less  than  would  injuriously  affect  definition.  The  effect  of  increasing  the 
angular  aperture  and  the  field  was  not  considered  as  carefully  as  it  should  have 
been,  but  this  was  partly  in  consequence  of  the  results  which  Mitchell  had  published 
a  short  time  previously  (Astrophysical  Journal,  10,  29).  As  I  have  already 
pointed  out  in  my  previous  paper  {Philosophical  Magazine,  July  1903)  these  results, 
although  obtained  with  a  grating  of  even  larger  angular  aperture  than  that  here  used, 
should  not  have  been  accepted  as  conclusive.  The  whole  experience  is  a  good  illus- 
tration of  the  danger  of  adopting  a  new  type  of  instrument  without  sufficient  prelimi- 
nary examination  of  its  optical  defects  and  limitations  in  the  line  of  work  which  it  is 
desired  to  carry  out. 

°  In  the  case  of  J  the  small  angular  aperture  ft.  was  due  to  a  part  of  the  ruled 
surface  being  defective.  In  the  light  of  subsequent  developments  this  must  be 
regarded  as  a  rather  fortunate  accident.  Had  it  not  been  for  this,  the  aberration  at 
the  edges  of  the  field  would  have  been  even  larger  than  it  was. 

3  Frost,  Astrophysical  Journal,  12,  342-344;  IIumphreys,  jW</.,  15,  318- 
325,  Table  II. 

'  .MoiiLER  and  Daniel,  ihid.,  12,  363. 
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tenth-meters  at  the  edges  of  the  plates  by  Frost  (pp.  325,  326);' 
and  about  i  tenth-meter  by  Mohler  and  Daniel  I  p.  363).  In 
both  cases  these  errors  or  uncertainties,  whichever  they  may  be 
called,  are  considerably  greater  than  the  theoretical  errors  of 
displacement  d\.  At  first  sight  this  would  indicate  that  the 
effect  of  bad  definition  due  to  both  the  terms  U  and  S  is  more 
important  than  that  of  the  actual  displacement  d\  produced  by  U 
alone ;  and  this  would  probably  be  the  case  were  it  not  for  the  fact 
that  the  errors  of  measurement  due  to  the  first  cause  are  likely  to 
be  either  positive  or  negative,  while  those  due  to  the  second  cause 
are  negative  alone.  To  detect  any  effect  of  the  latter  nature  we 
must  examine  the  residuals,  X-oc—  ^r^  for  systematic  and  periodic 
changes  in  sign  and  magnitude.  In  doing  this  we  are  met  at 
the  outset  with  a  difficulty  which  is  introduced  by  the  method 
of  reduction  and  interpolation  employed.  The  values  of  '^o^ 
from  the  objective  grating  plates  have  been  determined  not  as 
absolute  values,  but  as  relative  values,  by  identifying  certain 
lines  on  the  O.-G.  plates  with  lines  on  the  Rowland  map,  and  assum- 
ing that  the  average  residuals,  ^o.c~^.?»  ^•'^  ^^•'0  ^or  these  lines 
and  that  the  spectrum  is  normal  between  them.  This  process  is 
a  perfectly  legitimate  and  accurate  one  on  plates  taken  with  long 
focus  concave  gratings  mounted  in  the  manner  originally 
designated  by  Rowland,  and  for  which  there  is  no  unsymmetrical 
aberration.  It  cannot,  however,  be  adopted  without  question  for 
the  O.-G.  plates,  where  conditions  both  as  to  curvature  of  field 
and  aberration  are  so  different. 

From  ecjuation  (5)  we  have  for  any  point  Q  in  the  field  of  a 
grating 

\^K-  4,sine  ,  (8) 

N 

where  X„  is  the  wave-length  of  the  line  which  falls  on  the  a.xis  of 
the  grating,  0  =  0.  When  there  is  an  aberrational  displacement, 
d\,  of  the  position  of  the  geometrical  image,  the  line  of  wavc- 

'In  this  connection  it  seems  desirable  to  call  attention  to  tlie  fact  tliat  I'rofessor 
Frost  himself  recognized  the  inferiority  of  the  wavelength  measurements  made  with 
the  objective  grating  to  those  made  with  the  objective  prism  train,  and  by  far  the 
greater  part  of  his  wave-lengths  was  determined  from  plates  obtained  with  the  latter 
instrument. 
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length   X  will  not  fall  at  the  point  6  indicated  by  (8)   but  at  a 
point 

and  therefore 


b 


(9) 

as    indicated   in    (2)  and    (3).      From    (i)   we    obtain  for   U  in 
terms  of  6„  (neglecting  powers  higher  than  the  fourth)  the  value 

U=  ^  SUV  P Tz.  +  U  a,  -  ~  cos  /\  eil  e,„  ,  (10) 

where 

a^^{i  -\-  cos  /)  cos  /  ,  (11) 

as  defined  and  tabulated  (for  different  values  of/)  in  mv  previous 
paper  (Table  1).' 

From  (8),  (9),  and  (10)  we  finally  obtain 


d 


AA^ r-,sin  i  I 


A.-X, 

Let  us  put  for  convenience 


0.3  sin=/?ra,  +yrt:,_icos/Vj„  I  •^,,,.(12) 

(t4) 


0.3  (7,  =  a, 

o.  3  I  -:  <?, cos  / 1  =  a. 

Then  expressing  (12)  in  terms  of  0  we  have  to  the  same   degree 
of  approximation  as  before 

^^=-~^^{i-a,  sin=  /?)  e,„  -  [^  -  sin^  /S  (-'^  -  a)jj  $]„  J  .         ( .  5) 

The  values  of  i7^  and  a^  which  appear  in    (  14)  and  (  15)   have, 

for  convenience,  been  computed   for  the  same  values  of  i  used 

in   the  table  for  a  and   a^   above  referred  to.     The  results  are 

tabulated  in  Table  IV. 

TABLE  IV. 


,. 

^ 

a. 

": 

,. 

^ 

a. 

^ 

'     (- 

'•3",) 

50° 

(-0.31,) 

0'      2 

000    0 

600    0 

350 

1 .056 

0.317 

0.168 

5°    I 

988 

596 

348 

55° 

.902 

.271 

■  139 

10°    I 

954 

586 

340 

60" 

•750 

.225 

•"3 

15°    I 

899 

570 

330 

65' 

.601 

.180 

.087 

20°    I 

823 

547 

315 

70° 

•459 

.138 

.064 

25°    I 

728 

518 

296 

75' 

.326 

.098 

■043 

30'    I 

616 

485 

274 

80° 

.203 

.061 

.025 

35'    I 

490 

447 

249 

85° 

.C95 

.029 

.011 

40°    I 

353 

406 

223 

90° 

.000 

.000 

.000 

45°     I 

207 

362 

19b 

'Phil.  Mag.,  (6)  6,  1 30. 
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When  the  plate  is  bent  to  the  focal  curve 

//  = -    .cos  B  ( 1 7) 

1  +  cos  / 

it  has  a  curvature  of  -  .  If  it  is  then  straightened  and  meas- 
ured on  a  linear  dividing  engine  we  have  for  the  relation  between 
the  linear  run  A5  of  a  screw  and  the  angle  Q„ 

"o  P 


From  (8),  (15)  and  (18)  we  finally  obtain 

AX  =  -i,(x-..sin=^)^  +  Q-sin'^('^-.,)]f(AX)3         ^^^^ 

=  A\S     +x,. 

If  the  spectra  are  both  photographed  and  measured  on  a  flat 
plate  the  relation  between  the  run  of  the  micrometer  screw  and 
the  angle  0,„  will  be 

^„,=  tano;—  — 

«o       3 
Substituting  this  value  in  ( i  5  )  and  reducing  as  before,  we  obtain 

AA^-A^,_,,sin=^,:^V[;-sm'^(|..,-._,)]^];:(AX)^       (30) 

=      AAS  +  Xy, 
The  amount  from  which  the  spectrum   departs  from  normal   is 
therefore  about  three  times  as  great  when  photographed  on  flat 
plates  as  when  photographed  on  curved  plates. 

In   the  case  of    Frost's    measurements,   in  which    the  plates 

used  were  flat,  the  extreme  value  of  AX  (see  Table  I)  was  about 

N 
400    tenth-meters.     The   value  of  -j -^ "   fo''    t^^e    F   grating  is 

5684  X  10    "'  .       Hence    the   value    of   x^,  the   second    term    of 

(20),   which   expresses   the    correction   required   to   a   "normal" 

spectrum  is  about 

0.1  tenth-meter. 

The  corrections  at  the  intermediate  points,  AX  =100,  200 
and  300  tenth-meters,  are  respectively 
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For  AX  ^  loo  tenth-meters,  :c=  0.002 
For  AX  :=  200  tenth-meters,  x  =  0.013 
For  AX  =  300  tenth-meters,  x  =  0.043 
For  AX  =  400  tenth-meters,  .1:  =  0.103. 

Plotting  these  values  as  abscissae  and  ordinates  respectively  we 
obtain  the  curve  in  Fig.  3.  This  expresses  graphically  the  cor- 
rections that  must  be  applied  to  the  measurements  on  the 
assumption  that  the  spectrum  is  normal  over  the  entire  field. 

In  the  actual  reduction  of  the  plate  the  necessary  corrections 
were  somewhat  reduced  bv  dividing  the  plate  into  three  sections; 
the  first  extending  from  X4200  to  4383,  the  second  extending 
from  X4383  to  4572,  and  the  third  from  X4572  to  4950.  The 
spectrum  was  assumed  normal  over  each  of  these  three  sections. 
As  the  constant  A  of  the  micrometer  screw  was  determined 
separately  for  each  section,  the  corrections  between  these  points 
would  be  the  differences  between  the  ordinates  to  the  curve,  a, 
b,  c,  o,  d,  i\  and  the  straight  lines,  ad,  dc,  and  cd.  The  maxi- 
mum correction  in  section  I  [ad)  would  therefore  be  about 
0.015  tenth-meters,  in  section  II  (dc)  not  more  than  0.004 
tenth-meters,  and  in  section  III  {rd)  about  0.03  tenth-meters. 

In  section  I  the  correction  is  just  a  little  larger  than  the  limit 
of  metrological  power  e  (see  Table  I),  and  in  section  II  it  may 
be  entirely  disregarded;  in  section  III,  however,  it  is  about 
three  times  as  large  as  e.  In  this  last  section  the  correction  is 
sufficiently  large  to  make  its  neglect  felt  in  the  sign  of  the 
residual  errors.  In  order  to  determine  whether  this  were  true  I 
formed  a  table  of  residuals,  /(X)  =  Rowland  —  Frost,  for  all  lines 
-whose  identification  was  assumed  to  be  reasonably  certain. 
These  residuals  are  plotted  in  Fig.  4  and  the  sums  taken  for 
each  interval  of  lOO  tenth-meters  (from  4200  to  4300,  from 
4300  to  4400,  etc.).  The  latter  (juantitics  arc  indicated  bv  the 
circled  crosses    CO  of  the  figure. 

These  averaged  residual  differences  correspond  in  distribution 
and  sign  to  those  which  would  be  produced  by  neglect  of  the 
correction  .*  for  sections  I  and  II,  but  are  larger  in  magnitude 
than  would  be  expected.  For  section  III  they  also  correspond 
if  the  constant  of  the  micrometer  run  was  determined  by  settings 
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on  lines  near  (/and  d' ,  or  was  assumed  to  be  the  same  as  in 
section  I.  In  such  case  the  line  dc  would  be  parallel  or  nearly 
so  to  the  line  abas  at  dc' ,  and  the  corrections  for  x  would  be  the 
dijEferences  of  the  ordinates  to  dc' ,  a.nd  the  curve  c,  o,  d,  c.  These 
are  nearly  the  same,  not  only  in  sign  but  also  in  magnitude,  as 
those  actually  found.  The  processes  employed  in  the  work  of 
reduction  of  the  plates  are  not  stated  in  sufficient  detail  by 
Professor  Frost  to  enable  us  to  determine  whether  or  not  this 
explanation  is  the  correct  one,  but  the  periodic  character  of  the 
averaged  residuals,  X/('\),  is  quite  striking  and  the  great  pre- 
ponderance of  residuals  of  positive  sign  is  an  evidence  of  some 
systematic  error  of  the  kind  indicated. 

In  the  case  of  Humphrevs'  measurements  the  plates  wfere 
curved.  The  maximum  \-alues  of  AX  ( see  Table  Ij  measured 
are 

-|-  AX  =^   700 
—  AX  ^  1400  . 

The  values  oix^   (from  19)  are 

For  AX  =  200  tenth-meters,  jr^=  0.004 
For  AX  =  400  tenth-meters,  j:,  ='0.034 
For  AX  =  600  tenth-meters,  Xf  =  0.117 
F"or  AX  =^  700  tenth-meters,  .r^^  0.185 
For  AX  =  800  tenth-meters,  av  =  0.276 
For  AX  =  900  tenth-meters,  j:^  =  0.394 
For  AX  =  1000  tenth-meters,  :c^:^  0.538 
For  AX  =:  1 1 00  tenth-meters,  .r^  =  o.  7 1 6 
For  AX  =  1 200  tenth-meters,  x,  =  0.930 
For  AX  ^  1300  tenth-meters,  x^^  1.182 
For  AX  =  1400  tenth-meters,  -r^  :^=  i-476 

In  this  case  the  correction  required  for  curvature  at  the  violet 
end  of  the  spectrum  is  nearlv  five  hundred  times  the  limiting 
metrological  power,  e. 

The  relation  between  AX  and  x  is  plotted  in  Fig.  5.  The 
residuals  A  (X)  =  Rowland  —  Humphreys,  and  their  sums  over 
each  interval  of  100  tenth-meters,  have  been  found  in  the  same 
wav  as  for  Frost's  measurements  and  are  plotted  on  the  same 
scale  in  Fig.  6. 
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In  this  case  also  there  is  a  marked  correspondence  between 
X  and  the  residuals  2/;  (A.).      Near  the  center  of  the  plate  where 

the  spectrum  is  nearly  normal  and  x  is  small,  the  average  resid- 
uals, 2/i(X),  are  also  small  and  lie  very  nearly  in  a  straight  line 
parallel  to  the  X  axis.  As  we  go  from  this  point  toward  the 
violet  the  residuals  become  distinctly  periodic  in  character. 
This  would  be  explained  if  the  wave-lengths  in  this  part  of  the 
spectrum  were  determined  by  extrapolation  from  standard  refer- 
ence lines  at  about  3250,  3500,  3700,  3850,  4000  and  4150.  In 
Humphreys'  paper  the  method  of  reduction  is  not  described,  and 
here  again  it  is  not  possible  to  satisfactorily  compare  the  actual 
results  of  computation  and  measurement. 

EFFECT  OF  ABERRATION    OX  THE  APPEARANCE  OF  THE  LINES. 

For  small  values  of  0,  i.e.,  near  the  center  of  the  plate,  the 
value  of  U  is  small  and  the  value  of  5  is  relatively  large.  In 
this  portion  of  the  field  the  lines  will  therefore  be  simply 
broadened  without  being  sensibly  displaced  or  rendered  assym- 
metrical.  As  we  go  away  from  the  center  the  value  of  5 
decreases  and  the  value  of  U  increases.  The  effect  of  this  is 
not  only  to  displace  the  a])parent  center  of  intensity  of  the 
central  image  but  to  increase  very  greatly  the  relative  intensities 
of  the  lateral  diffraction  fringes  on  the  right  hand,  i.  e.,  the  violet 
side,  of  the  central  image. 

An  examination  of  Fig.  2  shows  that  for  large  values  of  U 
the  first  lateral  fringe  on  the  right  becomes  very  nearly  as  bright 
as  the  central  image,  and  is  much  narrower  and  sharper.  This 
image  was  actually  selected  by  Humphrey's  as  the  one  corres- 
ponding most  nearly  to  the  true  geometrical  image.  The  multi- 
plication of  lateral  images  at  the  edges  of  the  field  is  not,  as 
Humphreys  assumes,  an  evidence  of  imperfect  focusing,  but  of 
good  focusing.  Under  favorable  conditions  it  is  possible  to 
observe  not  only  the  principal  (central)  component  of  the  dif- 
raction  image  and  the  first  two  right  hand  fringes  (forming  an 
apparent  tripling  of  the  line)  but  several  more  lateral  fringes 
still  further  to  the  right. 

Allegheny  Observatory, 

March  1903. 


THE  FLUORESCENCE   AND  ABSORPTION  SPECTRA 
OF  SODIUM  VAPOR. 

By    R.    W.  Wood   and  J.    H.    Moore. 
THE    FLUORESCENCE    OF    SODIUM    V.\POR. 

The  green  fluorescence  which  sodium  vapor  exhibits  when 
illuminated  with  an  intense  beam  of  white  light,  was  first  observed 
and  studied  by  Wiedemann  and  Schmidt.'  The  method  which 
they  employed  was  to  heat  the  metal  in  an  exhausted  glass  bulb, 
concentrating  a  beam  of  sunlight  on  the  vapor  by  means  of  a 
lens.  A  cone  of  green  light  is  seen  where  the  intense  beam 
enters  the  mass  of  metallic  vapor.  Examined  with  the  spectro- 
scope, this  light  was  found  to  consist  of  a  band  in  the  red,  a  nar- 
rower band  nearly  in  the  position  of  the  D  lines,  and  a  broad 
green  band  which  appeared  to  be  broken  up  into  channels  or 
bands.  The  wave-lengths  of  some  of  these  ba^nds  were  roughly 
determined,  but  the  authors  do  not  appear  to  have  determined 
exactly  the  relation  which  they  bore  to  the  absorption  bands 
which  appear  in  the  same  part  of  the  spectrum. 

Inasmuch  as  we  have  at  the  present  time  no  very  satis- 
factory theory  of  fluorescence,  and  as  practically  all  quantitative 
work  has  been  done  with  solutions,  it  seemed  worth  while  to 
make  a  careful  study  of  the  relation  between  the  fluorescent 
light  emitted  by  sodium  vapor  and  the  light  absorbed  by  the 
vapor  under  the  same  conditions.  The  chief  points  of  interest 
which  have  been  brought  out  by  these  investigations  are  the 
establishment  of  the  fact  that  the  fluorescent  spectrum  coin- 
cides exactly  with  the  absorption  spectrum,  band  for  band  and 
line  for  line,  and  a  determination  of  the  relation  existing  between 
the  wave-length  of  the  light  which  provokes  the  fluorescence 
and  the  nature  of  the  fluorescent  spectrum.  The  somcwJiat 
remarkable  fact  has  been  ascertained  that  the  D  line  absorption 

'  IVieil.  Ann.,  57,   147,  1S96. 
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is  in  no  way  connected  with  the  production  of  the  fluorescence, 
though  the  absorption  at  this  point  of  the  spectrum  is  much 
more  intense  than  at  any  other. 

By  means  of  improved  apparatus  we  have  not  only  been  able 
to  photograph  the  fluorescent  spectrum  by  means  of  a  concave 
grating,  but  have  been  able  to  observe  by  means  of  a  grating  the 
fluorescent  spectrum  when  provoked  by  approximately  mono- 
chromatic light  obtained  with  the  Fuess  monochromatic  illumi- 
nator. The  results  of  the  work  throw  a  great  deal  of  light  on  the 
mechanics  of  the  sodium  molecule,  and  will  doubtles  prove  of 
considerable  value  in  the  development  of  the  theory  of  fluores- 
cence. 

ArP.\RATUS    EMPLOYED. 

The  fluorescence  as  obser\ed  in  exhausted  glass  bulbs  is 
never  very  intense,  and  the  experiments  can  be  continued  only 
for  a  few  moments  owing  to  the  speedy  corrosion  of  the  glass 
surface.  Moreover,  it  is  not  possible  to  make  use  of  very  dense 
vapor,  the  generation  of  which  requires  a  high  temperature, 
owing  to  its  action  on  glass.  The  form  of  tube  which  was 
employed  by  one  of  us  in  a  previous  investigation  on  the  subject' 
enables  vapor  of  great  density  to  be  obtained,  but  owing  to  the 
rapid  distillation  to  colder  parts  of  the  tube,  the  experiment 
cannot  be  continued  long  enough  for  satisfactory  photographic 
records.  It  is  important  not  only  to  have  a  very  dense  vapor, 
but  also  to  have  the  vapor  confined  within  a  small  region  and 
sharply  bounded,  in  order  that  the  light  may  not  be  weakened 
by  absorption  before  it  reaches  the  denser  portions.  To  meet 
these  requirements  a  new  form  of  tube  was  designed  and  con- 
structed which  gave  admirable  results.  With  it  a  fluorescence 
ten  or  fifteen  times  as  bright  as  anything  that  can  be  secured 
•with  glass  bulbs  was  obtained  and  maintained  continuously  for 
five  or  six  hours  without  recharging  the  tube.  This  tube  wc  have 
had  in  action  for  fully  forty  hours,  and  it  is  only  just  beginning 
to  show  signs  of  leakage  around  the  brazed  joints,  due  to  the 
action  of  sodium  at  a  red  heat  on  the  silver,  with  which  the  joints 
were  brazed.    The  tube  can  be  very  easily  constructed,  and  when 

'  K.  W.  Wood,  Proc.  R.  S.,  69,  157;  also  PAi/.  Mag.,  (6)  3,  141,  1902. 
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once  charged  can  be  used  ov'cr  and  over  again  without  any  pre[)a- 
ration  whatever,  for  the  exhibition  of  this  most  beautiful  exam- 
ple of  fluorescence.  Its  general  form  is  shown  in  Plate  II,  Fig.  i. 
The  large  tube  was  a  piece  of  three-inch  (sixteen  gauge)  Shelby 
seamless  steel  tubing,  two  feet  in  length.  A  ten-inch  piece  of 
thin  three-fourths  inch  steel  tubing  was  brazed  with  silver  into 
the  large  tube  at  the  center,  making  a  right  angle  with  it.  (Fig- 
2,  is  a  cross  section  of  tube.) 

Immediately  below  this  tube,  and  at  a  right  angles  to  both,  a 
small  iron  crucible  was  brazed  into  the  larger  tube,  projecting 
into  its  interior  to  such  a  distance  that  its  rim  was  visible  through 
the  side  tube.  This  crucible  was  made  by  boring  out  a  three- 
fourths-inch  iron  cylinder.  A  small  piece  of  brass  tubing  was 
also  brazed  into  the  large  tube  near  one  end,  through  which  the 
whole  could  be  exhausted.  The  crucible  was  filled  with  lumps 
of  sodium,  and  the  ends  of  the  large  tube  closed  with  plate 
glass,  carefully  cemented  on  with  sealing  wax.  The  side  tube 
was  then  closed  in  the  same  manner,  and  the  whole  exhausted 
to  a  pressure  of  about  a  millimeter,  by  means  of  a  mercurial 
pump.  The  tube  was  then  sealed  off  from  the  pump,  a  small 
piece  of  glass  tubing  having  been  cemented  into  the  brass  tube 
and  drawn  down  into  a  capillary. 

The  tube  was  now  mounted  in  a  horizontal  position  and  a 
large  Bunsen  burner  placed  beneath  the  crucible,  which  was  soon 
raised  to  a  red  heat.  The  dense  sodium  vapor  poured  out  of 
the  mouth  of  the  crucible  and  gradually  condensed  on  the  cooler 
portions  of  the  tube.  Sunlight  from  a  heliostat  was  sent  down 
the  large  tube,  a  lens  placed  close  to  the  glass  window  forming 
an  image  of  the  Sun  immediately  above  the  neck  of  the  crucible. 
On  looking  down  the  side  tube  an  intensely  brilliant  green  cone  of 
light  was  seen,  many  times  brighter  than  anything  that  has  ever 
been  obtained  with  glass  bulbs.  The  floatmg  specks  of  oxide 
which  appear  when  the  tube  is  first  heated,  and  which  shine  with 
a  dazzling  white  light,  soon  disappear  and  leave  the  fluorescence 
entirely  uncontaminatcd.  It  is  apparent  that  with  this  arrange- 
ment light  enters  at  once  into  the  densest  vapor  without  suffer- 
ing   previous    loss    by   absorption    in    vapor    of    less    densit}-. 
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Moreover,  the  fluorescent  light  passes  down  the  observation  tube 
without  having  to  traverse  more  than  a  very  thin  la3-er  of  the 
vapor,  a  matter  of  considerable  importance,  as  we  wish  to 
examine  the  fluorescent  light  unmodified  by  subsequent  absorp- 
tion. The  large  amount  of  sodium  which  could  be  stored  in  the 
crucible  enables  us  to  deliver  a  dense  stream  of  vapor  in  front 
of  the  observation  tube  for  a  very  long  time,  which  is  absolutelv 
essential  if  photographic  records  are  to  be  obtained. 

SPECTRUM    OF    THE    FLUORESCENT    LIGHT. 

The  spectrum  of  the  fluorescent  light  was  first  examined  with 
a  two-prism  Steinheil  spectroscope.  The  spectrum  consisted  of  a 
red  band  and  a  green  band,  the  latter  appearing  distinctly  fluted. 
No  trace  of  any  bright  line  or  band  at  or  near  the  position  of 
the  D  lines  has  ever  been  seen  in  any  of  our  experiments.  Its 
presence  in  the  spectrum  described  by  Wiedemann  and  Schmidt, 
and  also  by  one  of  us,  may  possible  have  been  due  to  the  fact 
that  in  both  of  these  cases  the  vapor  was  contained  in  a  glass 
bulb  heated  by  a  Bunsen  burner.  This  flame,  colored  by  the 
sodium  of  the  glass,  may  have  been  responsible  for  the  appear- 
ance of  a  bright  line  in  the  place  mentioned,  a  matter  which  can 
be  verv  easily  settled  bv  repeating  the  experiments  with  the 
bulbs. 

The  marked  resemblance  which  the  fluted  spectrum  bears  to 
the  absorption  at  once  suggests  that  it  may  be  due  to  the  fact 
that  the  fluorescent  light  has  to  pass  through  a  certain  amount  of 
vapor  before  reaching  the  spectroscope ;  in  other  words,  that  it 
does  not  belong  to  the  fluorescent  spectrum  at  all,  but  is  the 
result  of  absorption.  To  determine  whether  or  not  this  was  the 
case,  an  absorption  comparison  spectrum  was  formed  by  throw- 
ing some  of  the  light  which  had  passed  through  the  tube  into 
the  instrument  b)'  means  of  a  couple  of  mirrors  and  a  small 
right-angled  prism.  It  was  at  once  apparent  that  the  bright  lines 
and  bands  of  the  fluorescent  spectrum  were  exactly  out  of  step 
with  those  of  the  absorption  spectrum.  To  secure  a  fixed  record 
of  this  fact,  a  camera  was  attached  to  the  spectroscope  and  the 
two    spectra    photographed.     The    spectrogram    confirmed    the 
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visual  observations  in  every  respect,  but  the  dispersion  was  too 
small  to  make  the  pictures  %'ery  satisfactorv. 

A  Rowland  concave  grating  with  15,000  lines  to  the  inch, 
of  one  meter  radius,  was  then  used  in  place  of  the  spectroscope, 
and  some  excellent  photographs  were  obtained  with  an  exposure 
of  less  than  an  hour.  The  fluorescent  spectrum  was  found  to 
extend  from  wave-length  5340  to  wave-length  4600  in  the 
green  and  blue  region.  All  of  the  photographs  show  in  addition 
a  faint  solar  spectrum  extending  from  the  end  of  the  fluorescent 
spectrum  down  to  the  H  and  K  lines.  This  is  due  to  a  small 
amount  of  white  light  which  is  scattered  b}'  occasional  specks 
of  oxide,  or  perhaps  reflected  from  the  wall  of  the  tube.  So 
far  as  we  have  been  able  to  determine,  the  fluorescent  spectrum 
is  not  contaminated  with  solar  lines,  since  it  is  located  in  a  less 
actinic  region,  and  the  scattered  light  is  not  of  sufficient  intensity 
to  leave  any  appreciable  record  in  this  region. 

These  photographs  brought  out  the  remarkable  fact  that  the 
fluorescent  spectrum  is  the  exact  complement  of  the  absorption 
spectrum.  The  two  spectra  were  photographed  in  contact  on 
the  same  film,  and  either  one  might  have  been  a  contact  print 
taken  from  the  other.  In  the  upper  spectrum,  for  example,  there 
were  two  broad  light  bands  with  a  fine  dark  line  down  the  center, 
while  in  the  lower  spectrum  occurred  two  broad  dark  bands 
with  bright  lines  down  the  center.  This  same  thing  was  true 
for  all  of  the  irregularities  of  shading  in  the  \c\y  complicated 
fluted  spectrum.  A  number  of  these  photographs  are  repro- 
duced in  Plate  III,  Figs.  2  and  3.  As  most  of  the  fine  detail 
will  doubtless  be  lost  in  the  process  of  reproduction,  a  very 
careful  drawing  of  the  two  spectra  has  been  prepared  from 
the  original  negative,  which  is  reproduced  with  the  direct 
records.  (Plate  II,  Fig.  3.  Absorption  spectrum  above,  fluo- 
rescent spectrum  below.) 

The  fluorescent  spectrum  in  the  green-blue  region  may  be 
divided  into  three  groups  of  bands:  (i)  those  from  X  5340  to 
X  5080,  consisting  of  six  broad  hazy  bands,  which  correspond  in 
position  to  the  fluted  bands  of  the  absorption  spectrum ;  higher 
dispersion  would  doubtless  resolve   them  into  lines ;    ( 2^  those 
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from  \  5080  to  \4865,  a  group  of  irregularly  fluted  bands,  the 
heads  of  which  point  toward  the  red;  i.  e.,  they  are  strongest 
on  the  less  refrangible  side  and  shade  off  on  the  side  of  the 
shorter  wave-lengths;  (3)  those  from  X4865  to  X  4600  which 
appear,  under  the  dispersion  used,  as  uniform  narrow  bands. 
The  spectrum  is  the  exact  complement  of  the  absorption 
spectrum  taken  with  the  same  instrument,  and  further  work  with 
the  concave  grating  of  fourteen  feet  radius  will  show  whether  all 
of  the  very  min"ute  and  narrow  lines  in  the  flutings  of  the  latter 
spectrum  are  present  in  the  former.  We  feel  sure  that  the 
spectrum  can  be  photographed  with  the  large  grating  without 
difficulty. 

Visual  observations  have  shown  that  the  red  fluorescence  is 
also  fluted,  though  the  flutings  are  only  to  be  seen  when  the 
vapor  is  very  dense  and  the  illumination  very  intense.  It  has 
not  yet  been  definitely  proven  whether  this  fluting  belongs  properly 
to  the  fluorescent  spectrum  or  is  the  result  of  absorption.  A  new 
form  of  tube  has  been  designed  which,  it  is  believed,  will  give  a 
much  denser  vapor  and  make  the  settlement  of  this  question 
possible. 

The  complementary  nature  of  the  photographs  of  the  fluores- 
cent and  absorption  spectra  might  lead  one  to  suppose  that 
the  wave-length  absorbed  was  re-emitted  without  change  of 
wave-length.  To  test  whether  or  not  this  was  the  case,  it 
was  necessary  to  illuminate  the  vapor  with  monochromatic 
light. 

The  Fuess  monochromatic  illuminator,  which  enables  one  to 
cut  out  a  region  of  any  width  from  a  very  intense  solar  spectrum 
and  focus  this  light  at  a  definite  point  in  space,  was  arranged  so 
as  to  send  a  cone  of  violet  light  down  the  tube,  the  rays  meeting 
just  above  the  mouth  of  the  crucible.  No  fluorescence  was 
detected.  On  gradually  increasing  the  wave-length  of  the  light, 
by  turning  the  graduated  screw  which  rotated  the  prisms  of  the 
instrument,  it  was  found  that  the  fluorescence  appeared  when 
wave-length  4600  was  reached.  On  looking  into  the  end  of  the 
large  tube  a  very  beautiful  phenomenon  was  seen.  The  cone  of 
deep-blue  monochromatic   light  was   distinctly  visible,  owing  to 
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traces  of  oxide  floating  about,  while  at  the  point  where  the  rays 
met  in  the  dense  sodium  vapor  there  appeared  a  brilliant  spot  of 
green  fluorescent  light.  As  the  wave-length  was  further  increased, 
this  spot  increased  in  brilliancy,  still  remaining  green,  passed 
through  a  maximum,  and  then  gradually  faded  away,  disappear- 
ing entirely  when  the  illuminating  light  became  yellow.  The 
vapor  remained  dark  until  the  wave-length  of  the  light  exceeded 
that  of  the  D  lines,  when  the  red  fluorescence  gradually  developed, 
passing  through  a  maximum  in  the  same  manner  and  then  fading 
awa}'. 

The  fluorescence  of  the  vapor  produced  in  this  way  was  much 
less  brilliant  than  in  the  former  experiment,  since  the  total  radiant 
energy  thrown  into  the  vapor  was  very  much  less  than  when  direct  ^ 
sunlight  was  employed  ;  still  the  light  sent  down  the  lateral  tube 
was  intense  enough  to  give  a  spectrum  when  the  Steinheil  spec- 
troscope was  directed  down  the  tube.  This  spectrum  was  very 
feeble,  however,  and  it  was  only  with  great  difficulty  that  the 
changes  could  be  followed  which  took  place  when  the  wave- 
length of  the  illuminating  beam  was  changed.  When  blue  light 
was  employed,  the  complete  green  fluorescent  spectrum  seemed 
to  be  present  with  a  maximum  intensit}^  at  the  yellow  end.  As 
the  wave-length  of  the  light  was  increased,  the  point  of  maxi- 
mum intensity  in  the  fluorescent  spectrum  moved  toward  the 
blue. 

The  important  bearing  which  the  phenomenon  has  on  the 
theory  of  fluorescence  made  a  more  careful  study  of  the  relation 
between  the  wave-lengths  of  the  absorbed  and  emitted  light  very 
desirable.  To  accomplish  this,  the  arrangement  of  the  apparatus 
was  changed  in  the  following  manner:  the  monochromatic 
illuminator  was  rotated  through  a  right  angle,  so  that  its  emitting 
slit  was  horizontal,  instead  of  vertical.  The  dense  sodium  vajior 
above  the  mouth  of  the  crucible  was  now  illuminated  with  a  thin 
horizontal  sheet  of  monochromatic  light  (the  image  of  the  hori- 
zontal slit  of  the  illuminator  projected  in  space  by  a  lens) .  This 
arrangement,  of  course,  limits  the  fluorescence  to  a  thin  horizontal 
layer  of  vapor,  which,  when  viewed  through  the  lateral  tube, 
appears  as  a  narrow  line  of  bright  green  light.      By  viewing  the 
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sheet  of  vapor  edgewise  we  get  a  much  more  intense  light,  and 
since  its  width  is  small,  we  can  dispense  with  a  spectroscope 
entirely,  simply  viewing  it  through  a  prism  or  grating. 

A  small  transmission  grating  of  14,480  lines  to  the  inch,  which 
gives  a  first-order  spectrum  nearly  as  bright  as  a  60  °  flint  prism, 
was  mounted  in  front  of  the  lateral  tube,  and  the  line  of  fluores 
cent  light  viewed  through  it,  the  head  being  covered  with  a  black 
cloth  to  cut  out  all  extraneous  light.  It  was  found  that  by  slightly 
inclining  the  large  tube  to  the  illuminating  beam,  it  was  possible 
to  illuminate  a  minute  projection  on  the  inside  edge  of  the  lateral 
tube  with  the  monochromatic  light  which  caused  the  fluorescence  ; 
in  other  w-ords,  the  near  end  of  the  horizontal  image  of  the  slit 
was  brought  upon  this  projection.  The  line  of  fluorescent  light 
was  thus  tipped  at  one  end  with  a  small  point  of  light  similar  to 
the  light  which  produced  the  fluorescence.  The  spectrum  of  this 
small  illuminated  spot,  which  was  of  course  a  narrow  band,  fell 
alongside  of  the  fluorescent  spectrum,  enabling  a  comparison  to 
be  made  at  once.  Any  exception  to  Stokes's  law  would  make 
itself  evident  as  an  extension  of  the  fluorescent  spectrum  on  the 
more  refrangible  side  of  the  position  occupied  by  the  small  spot 
of  illuminating  light. 

Some  very  remarkable  and  significant  results  were  obtained 
with  this  disposition  of  the  apparatus.  Starting  with  violet  illu- 
mination, there  appeared  through  the  grating  only  the  small 
comparison  spot  of  light  which  moved  along  as  the  wave-length 
was  increased.  As  soon  as  wave-length  4600  was  reached,  the 
fluorescent  spectrum  appeared.  Its  appearance  is  indicated  in 
Plate  II,  Fig.  4^.  A  strip  of  blue  fluoresent  light  continuous  with 
the  reference  spot  showed  that  light  of  the  same  wave-length  as 
the  absorbed  light  was  being  emitted  by  the  vapor.  A  region  of 
darkness  occurred  on  the  less  refrangible  side  (usual  sense  of 
the  term),  and  then  came  a  broad  green  band  with  a  maximum 
of  intensity  on  the  end  toward  the  yellow.  Then  came  another 
gap  extending  considerably  above  the  D  lines,  followed  by  a 
very  faint  ira.ce  of  the  red  fluorescent  band  (not  shown).  On 
gradually  increasing  the  wave-length  of  the  light  the  following 
changes  were  noted.     The  spot  of  reference  light,  accompanied 
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by  its  fluorescent  prolongation,  moved  up  the  spectrum,  pushing' 
the  dark  region  before  it,  while  the  point  of  maximum  fluores- 
cence in  the  wide  green  band  moved  down  the  spectrum  to  meet 
the  advancing  spot.  These  changes  are  represented  in  Fig.  4  b, 
c,  d,  the  point  of  maximum  fluorescence  nearly  coinciding  in 
position  with  the  reference  spot  in  d.  On  still  further  increasing 
the  wave-length,  the  fluorescence  became  very  faint,  and  appeared 
to  extend  a  little  farther  down  the  spectrum  than  the  position 
occupied  by  the  small  spot  of  light.  This  means  an  exception 
to  Stokes's  law  when  the  wave-length  of  the  illuminating  light 
(green)  has  the  maximum  value  which  still  yields  fluores- 
cence. 

In  Plate  II,  Fig.  5,  an  attempt  has  been  made  to  represent 
these  changes  in  the  conventional  way.'  Everything  shown  in  this 
diagram  is,  however,  due  to  fluorescence,  the  deviated  continu- 
ous spectrum  of  the  light  e.xciting  fluorescence  having  been 
omitted.  It  will  be  seen  that  there  is  an  emission  of  fluorescent 
light  of  the  same  wave-length  as  that  of  the  exciting  light, 
which  gives  the  diagram  an  appearance  not  unlike  the  diagrams 
where  the  deviated  continuous  spectrum  is  shown.  To  make 
this  diagram  exhibit  the  changes  just  described,  one  has  only  to 
move  a  narrow  vertical  slit  across  it  from  right  to  left. 

It  was  impossible  to  tell  whether  fiutings  were  present  in  any 
portion  of  the  fluorescent  spectrum  or  not,  owing  to  the  com- 
parativel}'  wide  source,  and  small  dispersion  employed.  There 
is  no  reason  for  believing  that  they  are  not,  but  it  does  not  seem 
safe  to  assume  that  the  spectra  are  identical  when  the  fluores- 
cence is  produced  by  white  light  and  monochromatic  blue  light. 
The  extent  of  the  spectrum,  and  the  distribution  of  the  intensity 
in  it,  have  been  shown  to  be  different  in  the  two  cases,  and  the 
flutings,  say  in  the  green,  which  are  present  when  white  light  is 
used,  may  be  absent  when  the  fluorescence  is  produced  by  light 
of  much  shorter  wave-length.  To  test  this  the  spectrum  will 
have  to  be  photographed  when  the  tube  is  illuminated  with  mono- 
chromatic blue  light.  To  accomplish  this  with  the  present 
apparatus  would  probably  recjuire   an   exjjosure   of  six   or   eight 
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hours.  More  favorable  conditions  are  expected  with  a  new  form 
of  tube  now  under  construction,  and  it  seems  probable  that  we 
shall  eventually  learn  a  good  deal  about  the  dynamics  of  the 
sodium  molecule.  The  results  already  obtained  apparently  prove 
that  the  light  of  longer  wave-length  emitted  when  the  vapor  is 
fluorescing  is  not  the  result  of  damping  of  the  vibration,  as 
assumed  in  Lommel's  theory,  but  an  emission  resulting  from  the 
fact  that  the  ions  of  longer  free  period  are  set  in  vibration  either 
by  the  waves  of  shorter  period  or  by  the  ions  of  short  period 
which  are  thrown  into  vibration  by  these  waves.  It  is  not  worth 
while  to  speculate  about  this,  however,  until  the  fluorescent 
spectrum  [produced  by  monochromatic  blue  light  has  been  photo- 
graphed. 

In  general,  the  fluorescence  of  a  substance  has  its  maximum 
intensity  when  the  wave-length  of  the  light  is  that  of  the  light  most 
strongly  absorbed.  Sodium  vapor  is  an  exception  to  this  rule, 
for  the  D  line  absorption,  which  is  far  more  intense  than  the 
fluted  absorption,  has  nothing  to  do  with  the  fluorescence.  On 
Lommel's  theory  of  fluorescence,  the  absence  of  any  lateral 
emission  of  light  by  an  absorbing  medium  is  e.xplained  in  one  of 
two  ways :  either  the  absorption  is  of  waves  of  different  period 
(an  octave  below,  for  example)  from  the  free  period  of  the  ions, 
or  else  the  damping  factor  is  so  large  that  the  emitted  light  lies 
in  the  infra-red  region.  In  the  case  of  sodium  vapor,  neither 
explanation  is  sufficient  to  account  for  the  absence  of  fluorescence 
when  the  wave-length  of  the  exciting  light  is  that  of  the  D  lines, 
for,  since  Kirchhoff's  law  is  obeyed  in  this  case,  the  absorbed 
waves  and  emitted  waves  have  the  same  period,  and  the  absorp- 
tion is  a  resonance  phenomenon  ;  moreover,  the  damping  factor 
must  be  very  small,  since  we  have  interference  with  large  path- 
difference  in  the  case  of  sodium  light.  The  non-luminous  vapor 
employed  in  these  experiments  may,  of  course,  be  in  a  different 
state  from  the  vapor  in  a  sodium  flame,  but  even  if  this  be  the 
case,  it  does  not  seem  justifiable  to  assume  a  large  amount  of 
damping,  for  this  should  cause  a  displacement  of  the  absorption 
lines  with  reference  to  the  position  which  they  occupy  in  the 
case  of  absorption  by  a  sodium  flame. 
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It  is  worthy  of  note  that  lines  corresponding  in  position  to 
the  fluted  bands  are  absent  in  the  emission  spectrum  of  sodium 
vapor,  except  perhaps  in  the  case  of  the  temperature  emission 
studied  by  Evershed,  which  does  not  appear  to  have  been  studied 
under  high  dispersion. 

There  seems  to  be  no  wa^■  of  ex]jlaining  the  emission  of  the 
green  light  when  the  \apor  is  illuminated  with  blue  light.  It 
cannot  be  the  result  of  the  damping  of  the  ions,  whose  free 
period  is  that  of  the  blue  light,  for  it  is  in  all  probability  a  dis- 
continuous spectrum  complementary  to  the  fluted  absorption 
spectrum. 

It  will  be  interesting  to  see  whether  the  absorption  of  the 
vapor  is  directly  affected  by  the  circumstance  that  it  is  fluorescin* 
at  the  same  time.  This  was  found  to  be  the  case  in  some  exper- 
iments made  by  Burke  upon  uranium  glass.  It  is  also  important 
to  determine  in  what  way  the  absorption  and  fluorescence  arc 
influenced  by  pressure.  These  matters  will  be  investigated  in 
the  near  future. 

The  statement  that,  when  the  wave-length  of  the  exciting 
light  is  that  of  the  D  lines,  no  fluorescence  is  produced,  requires 
modification.  Strictly  speaking,  this  is  not  true,  though  it  is 
almost  certain  that  the  D  line  absorption  is  in  no  way  responsi- 
ble. This  is  due  to  the  fact  that  the  beam  from  the  monochro- 
matic illuminator  is  not  strictly  monochromatic,  being  in  fact  a 
band  varying  from  ten  to  twenty  Angstrom  units  in  width.  As 
we  shall  show  in  the  part  of  this  paper  dealing  with  the  fluted 
absorption  of  the  vapor,  the  fine  lines  can  be  traced  up  to  the 
very  edges  of  the  broad  band  jnoduced  bv  the  widening  of  the 
D  lines  when  the  vapor  is  very  dense.  It  is  unquestionably  the 
absorption  at  these  lines  which  gives  rise  to  the  very  feeble 
reddish  fluorescence  which  can  be  seen  when  the  light  furnished 
by  the  monchromatic  illuminator  is  symmetrical  about  the  D 
lines.  Strictly  monochromatic  light  of  the  wave-lengths  of  Dj 
and  D,,  no  matter  how  intense,  we  feel  sure  would  produce  no 
fluorescence,  unless  the  flutings  actually  cross  this  region,  which 
is  very  likely  the  case.  The  only  light  which  produces  no  fluor- 
escence is   green    liglU  in  the   vicinity  of  A.5530  and    the    violet 
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below  \4600,  which,  as  we  have  shown,  is  all  that  is  transmitted 
by  the  vapor  when  it  is  very  dense. 

THE    ABSORPTION    SPECTRUM    OF    SODIUM    VAPOR. 

The  fluted  absorption  spectrum  of  sodium  vapor  was  first 
observed  and  studied  by  Roscoe  and  Schuster  in  1874.  Subse- 
quent investigations  were  made  bv  Livcing  and  Dewar  in  con- 
nection with  their  work  on  the  reversal  of  the  lines  of  metallic 
vapors,  and  also  by  one  of  the  writers. 

Previous  experiments  by  one  of  us  having  shown  that  it  was 
impossible  to  secure  photographs  of  the  fluted  spectrum  with 
the  concave  grating,  using  the  arc  as  a  source  of  light,  that  were 
not  contaminated  by  bright  lines  from  the  vapor  of  the  lamp,  it 
was  necessary  to  find  a  source  of  light  of  great  intensity  and 
having  a  continuous  spectrum.  After  experimenting  with  vari- 
ous sources  of  light,  we  finally  adopted  the  Nernst  lamp,  which 
was  found  to  fulfil  the  conditions  specified. 

In  the  first  series  of  experiments  the  sodium  was  vaporized 
in  an  atmosphere  of  hydrogen,  generated  by  electrolysis,  and 
dried  by  passage  over  calcium  chloride  and  phosphorus  pentox- 
ide.  In  order  to  remove  traces  of  oxygen  which  caused  the 
tube  to  smoke,  the  gas  was  finally  passed  over  red-hot  copper 
gauze.  The  metal  was  heated  in  tubes  of  thin  steel,  the  ends  of 
which  were  closed  with  plate  glass.  In  the  later  experiments  the 
tubes  were  exhausted  with  a  mercury  pump,  and  the  metal 
volatilized  in  a  vacuum.  The  latter  method  was  found  to  be 
most  satisfactorv.  The  spectra  were  found  to  be  identical  in  the 
two  cases. 

The  tubes  were  either  heated  by  means  of  Bunsen  burners, 
or  by  a  coil  of  No.  20  iron  wire,  insulated  from  the  tube  by  a 
thin  layer  of  asbestos  board.  The  vapor  is  more  uniform  when 
the  tube  is  heated  electrically,  for  if  the  upper  side  of  the  tube 
is  colder  than  the  lower,  a  non-homogeneous  medium  results, 
the  density  being  greatest  along  the  floor  of  the  tube.  A 
Bunsen  burner  is  better,  however,  for  some  experiments,  where 
a  very  dense  vapor  is  required.  With  it  the  metal  does  not  distil 
so  rapidly  to  the  colder  parts  of  the  tube,  and,  with  careful  reg- 
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ulation  of  the  flow  of  gas  to  the  burner,  it  was  used  very  suc- 
cessfully in  many  of  the  experiments. 

The  absorption  spectrum  was  photographed  with  a  fourteen- 
foot  concave  grating  in  the  first  order,  the  time  of  exposure 
varying  from  twenty  minutes  to  an  hour,  according  to  the  den- 
sity of  the  vapor.  The  second-order  spectrum  was  observed 
from  time  to  time  during  the  exposure,  in  order  to  keep  the 
density  of  the  vapor  properly  regulated. 

It  was  found  that  the  best  results  were  obtained  with  a  slit- 
width  of  0.065  mm.  The  width  of  the  slit  for  the  iron  compar- 
ison spectrum  was  0.030mm.  In  order  to  eliminate  any  errors 
due  to  changing  the  width  of  the  slit,  photographs  were  taken 
of  both  spectra  with  a  slit-width  of  0.030  mm,  and  the  measure- 
ments made  with  the  two  sets  of  plates  compared.  The  plates 
were  measured  on  the  dividing  engine  of  the  laborator}^  and  the 
measurements  can  be  considered  accurate  to  within  0.05  of  an 
Angstrom  unit.  The  ultra-violet  region  was  explored  in  the 
same  manner,  using  a  tube  closed  with  quartz  plates.  No  traces 
of  any  flutings  were  found,  but  the  lines  of  the  principal  series 
were  strongly  reversed. 

The  fluted  absorption  spectrum  makes  its  first  appearance 
when  the  D  lines  are  two  or  three  Angstrom  units  in  width.  It 
begins  as  nine  bands,  the  heads  of  which  point  toward  the  violet 
end  of  the  spectrum,  i.e.,  in  each  band  the  absorption  decreases 
from  the  head  toward  the  longer  wave-lengths.  The  heads  of 
the  bands  as  they  first  appear  are : 


I. 

4783-35 

VI. 

4932.97 

II. 

4809.92 

VII. 

4962.96 

III. 

4837.72 

VIII. 

5001.94 

IV. 

4865.60 

IX. 

5040.71 

V. 

4894.94 

There  is  also  evidence  of  absorption  lines  in  the  first  seven 
bands.  These  lines,  however,  do  not  come  out  strong  at  this 
stage,  but  appear  as  a  slight  shading  on  the  bright  background. 
In  Band  I  can  be  seen  the  line  \4793.10;  in  Band  II,  line 
\4820.72;  in  Band  IX,  X5053.50,  and  in  Band  VII,  \4979.28, 
which    appear  as  fainter    heads   of  small    bands   into  which  the 
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others  break  up.  Bands  V  and  \'I  are  about  the  center  of  the 
region  of  absorption. 

A  very  slight  increase  in  the  density  of  the  vapor  is  sufficient 
to  bring  out  the  heads  of  the  bands  as  strong  dark  lines,  as  well 
as  the  fainter  heads  in  the  bands  themselves.  The  bands  are 
now  seen  to  be  made  up  of  an  immense  number  of  lines,  some 
of  which  are  broad  and  some  exceedingly  fine,  and  in  some  of 
the  bands  there  is  an  appearance  as  if  two  series  were  super- 
posed. 

At  this  time  the  region  of  absorption  extends  from  about 
X4600  to  X.5200,  a  series  of  three  bands,  the  more  refrangible 
edges  of  which  are  broken  up  into  smaller  bands,  appearing 
between  XjOjg  and  \5200,  and  a  series  of  twelve  bands,  each  of 
which  is  divided  into  smaller  bands  coming  into  view  between 
X4780  and  \4600.  The  wave-lengths  of  the  principal  lines  in 
the  fluted  spectrum  have  been  carefuU}'  measured  by  comparing 
them  with  standard  lines  in  the  iron  spectrum. 

A  fluted  absorption  spectrum  makes  its  appearance  in  the  red 
and  orange  portion,  when  the  density  of  the  vapor  is  such  as  to 
give  the  green-blue  flutings  at  their  best.  This  spectrum  has 
not  been  photographed  and  measured  at  the  present,  owing  to 
the  difficulty  of  getting  plates  sufficiently  sensitive  to  the  red. 
The  Erythro  plates,  which  were  used  by  one  of  us  in  securing 
photographs  of  this  region  with  a  fourteen-foot  grating  some 
years  ago,  are  no  longer  on  the  market,  and  the  few  experiments 
which  we  have  made  in  sensitizing  our  own  plates  have  been 
only  partially  successful.  This  region  will  be  studied  as  soon 
as  suitable  plates  can  be  obtained. 

As  the  density  of  the  vapor  is  further  increased,  the  greenish- 
blue  region  disappears  entirely,  and  the  fine  lines  can  be  traced 
nearly  up  to  wave-length  5400  from  the  blue  end  of  the  spectrum, 
and  from  the  red  end  they  are  seen  to  fill  the  spectrum  quite 
up  to  the  broad  D  line  absorption,  which  is  now  forty  Angstrom 
units  in  width.  On  crossing  this  broad  black  band  the  fine 
lines  make  their  appearance  again,  which  makes  it  seem  prob- 
able that  the  red  fluted  spectrum  crosses  the  region  occupied  by 
the  D  lines.     A  further  increase  in  the  density  results  in  blotting 
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out  the  red,  orange,  and  yellow  completely,  leaving  onl}- a  rather 
narrow  green  region,  the  center  of  which  is  at  wave-length  5530, 
and  the  violet  below  X4600.  The  color  of  the  transmitted  light 
is  now  a  very  deep  violet.  The  fine  lines  can  be  pushed  into 
the  green  band  from  its  opposite  edges,  and  traces  of  them  have 
been  found  all  through  it.  Finally  a  very  black  broad  band 
appears  at  the  center  of  the  green  strip,  which  in  a  spectroscope 
of  small  dispersion  appears  as  a  rather  narrow  line.  The  center 
of  this  band  is  at  wave-length  5  5  30,  approximately.  We  have 
not  been  able  to  photograph  it  with  the  grating,  owing  to  the 
feebleness  of  the  light,  and  the  difficulty  of  keeping  the  vapor 
at  this  great  density  for  a  sufficient  length  of  time;  but  its  posi- 
tion was  determined  visually  with  a  grating  of  about  eight  feet 
radius.  This  band  has  been  seen  by  previous  observers  (Liveing 
and  Dewar)  and  is  described  as  persisting  until  the  last  traces  of 
the  fluted  spectrum,  disappeared,  as  the  vapor  cooled  off.  We 
cannot  understand  this,  for  we  have  found  it  only  when  the 
vapor  had  the  maximum  density  attainable,  namely,  when  the 
blast-lamp  played  directly  against  the  bottom  of  the  tube,  rais- 
ing it  to  a  bright  red   heat. 

In  order  to  see  if  an  increase  in  the  length  of  the  absorbing 
column  of  the  vapor  produced  the  same  effect  as  increasing  the 
density  of  a  short  column,  a  steel  tube  five  feet  in  length  was 
used.  In  this  were  placed  eight  lumps  of  sodium  of  the  same 
size,  at  intervals  of  about  si.x  inches.  Eight  Bunscn  burners  were 
regulated  so  that  when  one  of  them  was  placed  under  a  lump  of 
sodium  the  D  lines  were  strongly  reversed,  but  no  trace  of  the 
fluted  spectrum  appeared.  On  adding  burner  after  burner, 
exactly  the  same  sequence  of  events  were  observed  as  in  the 
previous  experiments,  where  the  density  of  the  vapor  was 
increased  by  raising  the  temperature  of  the  tube.  Though  this 
was  to  be  expected,  it  seemed  worth  while  to  tr}-  the  experi- 
ment. 

We  have  measured  the  wave-lengths  of  about  460  of  the 
strongest  lines  between  wave-lengths  4616  and  5738,  which  arc 
given  in  the  following  tables  : 
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WAVE-LENGTHS     OF      THE     PRINCIPAL     LINES     AND     BANDS      IN      THE 
ABSORPTION     SPECTRUM. 


Group  A.    A46oo-52< 


Wave- 
Length 

Character   1 

Wave- 
Length 

Chaiactet 

Wave- 
Length 

Character 

Wave- 
Length 

Character 

4616.42 

f 

4815.84 

8b 

4858.05 

7  fine 

4889.84 

8 

52.04 

f 

16.49 

6  fine 

58-75  , 

8 

90.75 

7 

52.18 

b.h. 

17.14 

7  fine 

59.67    1 

7 

91.52 

9 

59.60 

b.h. 

17.64 

8  fine 

60.41 

8 

92.43 

7  fine 

84.69 

fine 

18.57 

8b 

60.99 

fine 

93.28 

10  b 

92.89 

7 

19.64 

8 

61  .52 

fine 

94.13 

6  fine 

4704.36 

I 

20.72 

7 

61.78 

fine 

95.00 

I  0.7 

07.09 

7 

21.88 

8 

62.21 

9 

wide 

09.72 

,1 

23-15 

7  fine 

63.02 

fine 

96.06 

4 

18.29 

'7 

23.82 

8 

63-78 

6  b.h. 

97.02 

8 

21.33 

8 

24.46 

8  fine 

64.45 

fine 

97.92 

6 

24.42 

8 

25.81 

7  fine 

64.88 

7  fine 

98.96 

7  b.h. 

28.82 

8 

26.58 

8  fine 

65.67 

II  broad 

99-99 

6 

32 -77 

6 

27.27 

7  fine 

0.4  wide 

4900.94 

9 

35-78 

6b 

27.99 

8  fine      ! 

66.64 

7 

01.86 

8 

36-67 

8 

28.66 

9  fine 

67.44 

7             j 

02.64 

4  fine 

40-95 

8  fine 

30.28 

8  b.h. 

68.53 

7 

04.96 

6 

47-56 

8  fine 

32-83 

8 

69.54 

8 

05.79 

7  fine 

58-55 

7  b.h. 

33-47 

9b 

70.01 

10  b.h.  Hs 

06.43 

4 

51.96 

8.5 

35-36 

fine 

70.44 

7  fine 

07.16 

7  b.h. 

53-83 

8.5 

36.10 

fine 

71.33 

8  b 

08.22 

9 

58.68 

9 

36.51 

7 

72.05 

fine 

08. 84 

fine 

60.85 

7  fine 

.?6.93 

7  „ 

72.59 

fine 

09.47 

9 

61. 86 

7  fine 

37-71 

H 

broad  head 

0.5  wide 

73.01 

fine 

10.12 

fine 

63.05 

8  fine 

73.50 

fine 

10.73 

8 

64.98 

9b 

38.92 

9  b.h. 

73.93 

fine 

11.41 

6 

66.88 

9  fine  Hs 

39.88 

8  b.h. 

74.46 

fine 

12.88 

7 

66.99 

6  fine  Hs 

40.86 

9 

74.93 

8 

13.57 

7 

70.45 

7b 

41.60 

9 

75.55 

fine 

14.26 

8 

71-47 

7 

42.40 

8b 

75-95 

fine 

15.09 

fine 

77  63 

8  fine  Hs 

43-14 

9  fine 

76.55 

7 

15.90 

9 

81.43 

10 

44.01 

9  fine 

77.11 

8 

16.62 

6  fine 

82.32 

8  b 

44.92 

9 

77.77 

7  fine 

17.52 

7  fine 

83 -35 

H  :ob 

45-83 

8  fine 

78-31 

8 

18.27 

7 

89.83 

9  fine 

46.84 

10 

78-93 

8  fine 

19. 10 

4 

90.84 

9  fine 

47.98 

7  fine 

79.52 

9 

19-99 

8  fine 

93.00 

10  fine  Hs 

49.12 

7 

80.16 

8.5 

21.66 

6  b.h. 

95  30 

10  b 

49-75 

fine 

80.80 

9.5 

22.52 

6 

99  30 

10  fine 

50-39 

9 

81.51 

7  fine 

23.40 

2 

4800.74 

8  fine 

51 .00 

fine 

82.22 

10 

24.33 

7 

02.86 

8  fine 

51 .61 

9 

82.93 

7  fine 

25.28 

7 

04.62 

10 

52.27 

fine 

83.63 

10 

27.11 

faint 

05-77 

9 

.  52.89 

9 

84.33 

7  fine 

28.14 

7 

06.46 

6  fine 

53.65 

fine 

85.17 

8 

29.13 

7 

07.20 

9b 

54-35 

9 

85.88 

8 

31.22 

7  fine 

07.90 

7b 

55.06 

fine 

86.59 

8 

32.20 

■   7  fine 

09.93 

II  8  b.h. 

55-74 

9 

87.42 

7  fine 

33-03 

H  0.7 

10.68 

10 

56-54 

7  fine 

88.18 

9 

wide 

13.68 

1     7  fine 

57-32 

7  b.h. 

89.06 

7 

33-70 

fine 

no  R.    IV.    WOOD  AXD  J.  H.  MOORE 

WAVE-LENGTHS      OF      THE     PRINXIPAL      LINES     AND      BANDS     IN 
ABSORPTION     SPECTRUM Comimied. 

Group  A.    A  4600-5200. 


Wave- 
Length 

Character 

Wave- 
Lenglh 

Character 

Wave- 
Length 

Character 

Wave- 
Lenglh 

Character 

4934-27 

7 

4970.74 

8  fine 

5002.55 

7  fine 

5034-36 

fine 

35.22 

9 

71.21 

fine 

06.31 

fine 

35 

38 

7b 

36.04 

7 

71.68 

8  fine 

06.90 

7  fine 

36 

33 

Sb 

37.00 

fine 

72.09 

fine 

07.62 

7  fine 

37 

34 

8  fine 

37-61 

7  b.h. 

72.61 

8  fine 

08.38 

fine 

38 

17 

fine 

38.80 

6 

73-16 

fine 

0S.78 

7  fine 

39 

52 

fine 

39-54 

7 

73-70 

7  fine 

09.26 

fine 

40 

02 

fine 

40.26 

fine 

74-28 

fine 

09.76 

7  fine 

40 

94 

H.  b.  0.9 

40.74 

fine 

74.40 

S 

10.24 

7  fine 

wide 

41.29 

fine 

75-41 

fine 

10.68 

7  fine 

42 

58 

7         ' 

42-23 

6  fine 

75-98 

8 

11.26 

7  fine 

43 

44 

fine 

43-16 

7 

76.61 

7 

11.77 

7  fine 

44 

93 

fine 

43-82 

fine 

77-17 

9 

12.36 

7  fine 

44 

59 

fine 

44-37 

8 

77-85 

fine 

12.83 

7  fine 

48 

81 

6 

44-97 

7 

78-45 

8 

13.38 

7  fine 

S3 

39 

6Hs 

45-53 

fine 

79.20 

4 

13-99 

7  fine 

53 

49 

10  Hs 

46. 10 

7 

79-91 

6 

14.50 

7  fine 

54 

46 

8  b.h. 

46.72 

7 

80.56 

7 

15.13 

7  fine 

56 

96 

8  b.h. 

47.49 

7  fine 

81.26 

8 

15.77 

7  fine 

58 

34 

7 

48.07 

7  fine 

82.00 

6 

16.47 

7  fine 

58 

97 

7 

49.24 

8 

82.65 

7 

17.06 

7  fine 

61 

07 

7 

50.08 

8 

84.08 

8 

17.77 

7  fine  ' 

62 

79 

7 

'     50.83 

fine 

86.52 

6 

18.38 

7  fine 

63 

38 

8 

51-50 

8 

87-18 

6  fine 

19.05 

7  fine 

64 

II 

fine 

52-23 

2  fine 

88.19 

6 

19.68 

6  fine 

64 

84 

h 

52-97 

2  fine 

88.98 

10  b 

20.42 

8 

66 

69 

7 

54-39 

10  b 

90.90 

5 

21.14 

6  fine 

67 

37 

7 

56.86 

2 

91.52 

fine 

21.89 

8 

68 

29 

b 

57.70 

2  fine 

92.56 

9b 

22.61 

6 

69 

08 

6b 

59-43 

8 

93.34 

fine 

23-37 

7 

69 

82 

7  b 

60.15 

fine 

94.18 

5  b.h. 

24.18 

6  fine 

80 

38 

H  10  fine 

61 .06 

6 

95-15 

4  fine 

24.99 

7 

87 

37 

11  7  b 

62 . 1 3 

fine 

96.11 

fine 

25.77 

5 

95 

!<? 

9H 

63.02 

II 

96.53 

fine 

26-33 

7 

5118 

78 

Hsb 

63.80 

f.h. 

97-29 

3b 

27-37 

fine 

26 

84 

b 

64.88 

10  b.h. 

98-05 

8b 

28. 2t 

8 

33 

80 

Hsb 

66.81 

fine 

99-25 

8 

28.98 

7  fine 

41 

27 

Hsb 

67-37 

fine 

5000.09 

6b 

29.99 

8 

68.79 

8  b.h. 

00.86 

6 

30-73 

7  fine 

69.31 

fine 

01.84 

H  o.7wide 

31-76 

8 

69.77 

7  fine 

wide 

32-53 

6 

70.23 

fine  . 

02.17 

fine 

33-47 

5 

ABSORPTION  SPECTRUM  OF  SODIUM  I'APOR  I  1 1 

Grol'f  C.    A5300-5700. 
The  lines  of  this  group  are  all  of  about  the  same  intensity  and  very  faint. 
Only  the  strong  lines  of  intensity  8  or  greater  are  marked. 
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THE  SPECTRUM  OF  HYDROGEN. 

By  Louis  A.  Parsons. 

Angstrom'  was  the  first  to  observe  the  hydrogen  spectrum. 
In  1853,  upon  examining  the  light  from  an  electric  spark  in 
h\drogen  at  atmospheric  pressure,  he  noticed  "an  intense  line  in 
C  not  clearly  limited,  and  two  maxima  in  F  and  G;  and  a  third 
maximum  in  h  was  observed  later."  Pliicker  and  Hittorf*  were 
the  first  to  employ  glass  tubes  with  metallic  electrodes  and  pro- 
vided with  capillary  portions,  and  to  study  the  spectra  of  gases 
at  low  pressure  which  were  rendered  luminous  bv  an  electric  dis- 
charge. They  found  that  the  spectrum  of  some  gases  they 
examined  was  different  when  they  employed  a  condenser  in  the 
discharge  circuit  of  their  induction  coil,  from  that  produced  by 
the  induction  coil  alone,  and  concluded  that  the  former  was  due 
to  higher  temperature  resulting  from  the  condenser  discharge. 
They  obtained  by  means  of  the  condenser  discharge  in  hydrogen 
the  three  bright  lines  which  they  designated  as  Ha,  H^,  and  7/7. 
These  lines  they  found  expanded  as  the  pressure  of  the  gas  was 
increased,  and  at  high  pressures  the  spectrum  was  transformed 
into  a  continuous  one  with  Ha  as  a  broad  band  rising  from  it. 
Without  the  condenser  they  observed  another  spectrum  of 
hydrogen,  "consisting  of  vcrv  manv  bright  fine  lines,  especially  in 
the  neighborhood  of  the  sodium  line.  This  spectrum,"  they 
observed,  "may  be  seen  simultaneously  with  the  three  character- 
istic lines  Ha,  H^,  and  Hy\  but  at  increased  temperature, When 
these  lines  begin  to  expand,  it  entirely  disa])pears."  With  water 
vapor  alone  they  obtained  the  lines  Ha,  H^,  and  H'y. 

There  are  now  generally  recognized  two  spectra  of  hydrogen  : 
(i)  the  "elementary"  or  "four-line"  spectrum,  and  (2)  the 
many-line  spectrum.  The  former  includes  the  lines  Ha,  H^,  //7^ 
and  //8  in  the  visible  portion,  the  last  of  which  was  soon  added 
to  the  three  given  by  Pliicker  and  Hittorf,  and  nine  lines  in  the 
ultra-violet.     The  many-line  spectrum  has  also  been  designated 

'/'//(/.  Afas-,  (4)  42,  395,  1871.  '/'/;//.  Tram..  155,  I,  1S65. 
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as  the  "compound  spectrum"  or  the  "  secondary  spectrum." 
The  work  of  various  observers  has  shown  that  the  two  spectra 
may  exist  together,  and  that  in  general  as  the  lines  of  the  ele- 
mentary spectrum  broaden  the  compound  spectrum  disappears. 
The  question  was  early  raised  as  to  what  caused  the  broadening 
of  the  lines,  and  what  determined  the  presence  of  one  spectrum 
or  the  other.  Plucker  and  Hittorf,  Wiillner,'  and  others^  believed 
that  the  broadening  of  the  lines  and  the  change  in  the  four-line 
spectrum  was  due  to  increased  temperature.  Others  believed 
the  effect  was  due  to  pressure, '  and  still  others  that  the  intensity 
of  the  electric  discharge  was  the  controlling  factor.'' 

Trowbridge  and  Richards  in  1897'  found  that  a  continuous 
discharge  from  their  high  potential  storage  battery  of  5,000 
cells,  obtained  by  attaching  the  terminals  directly  to  the  elec- 
trodes of  the  vacuum  tube  with  a  high  resistance  in  series, 
always  gave  a  white  glow  in  the  capillary  and  the  many-line 
spectrum  of  hydrogen,  while  the  discharge  from  a  condenser  of 
considerable  capacity  gave  the  four-line  spectrum,  the  color  of 
the  discharge  being  deep  red.  The  introduction  of  self-induction, 
or  of  resistance  to  damp  the  oscillations,  changed  it  back  to  the 
many-line  spectrum.  They  believed  that  one  spectrum  was 
characteristic  of  the  oscillatory  and  the  other  of  the  non- 
oscillatory  discharge,  the  character  of  the  electric  discharge 
being  the  determining  factor. 

Further  work,  in  which  he  employed  his  enlarged  battery  of 
20,000  cells,  however,  led  Trowbridge  to  abandon  this  idea*  and 
to  come  to  the  conclusion  that  tlie  many-line  spectrum  is  the 
true  spectrum  of  hydrogen,  while  the  so-called  four-line  spectrum 
is  due  to  water- vapor ;  the  existence  of  the  four  lines  in  the  solar 
spectrum  being,  as  he  believed,  due  to  the  presence  of  water 
vapor  in  the  Sun.  His  reasons  for  the  conclusion  were  :  (i)With 
powerful  condenser  discharges  in  apparently  dry  hydrogen  he 
alwavs  obtained  the  four- line  sjiectrum,  and  essentially  the  same 

'Phil.  Mag.,  (4)  37,  405,  iS6<).  'Fievk/,,  Comptes  Reiidus,  92,  521,  iSSi. 

'Schuster,  Brit.  Assoc.  Rep.,  39,  1S73. 

■•Stearn  and  Lee,  Phil.  Mag.,  (4)  46,  406,  1S73. 

iPkil.  Mag.,  (5)  43,  135.  1897.  <•  //nil.,  (5)  50,  33Si,  1900. 
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spectrum  whether  the  tube  was  filled  with  nitrogen,  air,  or 
hydrogen,  notwithstanding  the  greatest  care  taken  in  drying  the 
tubes.  He  believed  it  was  impossible  to  so  thoroughly  dry  glass 
tubes  as  to  remove  all  water  vapor,  and  that  the  water  on  the 
glass  is  torn  off  by  the  powerful  condenser  discharges.  (2)  The 
four-line  spectrum  was  easily  obtained  in  all  cases  where  water 
vapor  was  known  to  be  present.  (3)  After  a  partial  melting  of 
the  aluminium  electrodes  it  was  difficult  or  impossible  to  get  the 
many-line  spectrum  (owing  to  the  formation  of  compounds),  but 
the  four-line  spectrum  was  obtained  as  easily  as  before  with  the 
powerful  condenser  discharges. 

In  a  later  paper  Trowbridge'  described  some  further  experi- 
ments on  high  potential  discharges  through  hydrogen.  In  on& 
experiment,  by  using  heavy  copper  electrodes  he  obtained  by 
means  of  a  continuous  current  a  deposit  of  bright  copper  around 
the  kathode  and  of  oxidized  copper  at  the  anode,  "the  dissocia- 
tion of  the  water  vapor  thus  showing  an  electrolytic  action 
closely  analogous  to  that  of  a  voltaic  cell."  He  repeats  his 
conviction  "that  the  so-called  line  spectrum  of  hydrogen  cannot 
be  considered  apart  from  the  spectrum  of  watqr  va]ior,"  and  is 
also  "led  to  the  conclusion  that  a  certain  amount  of  water  vapor 
is  essential  to  all  electrical  discharges  through  gases."  He 
says:  "Just  as  aqueous  vapor  seems  to  play  an  important  role 
in  most  chemical  reactions,  so,  it  seems  to  me,  its  presence  in 
rarified  gases  enables  dissociation  to  take  place  which  deter- 
mines the  strength  and  character  of  the  electrical  discharge  ;  " 
and. in  another  place:  "The  passage  of  electricity  through  a  gas 
depends  on  the  dissociation  of  the  hydrogen  and  o.xygen,  by 
means  of  which  change  in  the  distribution  of  energy  the  gases 
are  made  luminous."  While  still  holding  that  the  four-line 
spectrum,  as  distinguished  from  the  many-line  one,  is  that  of 
water  vapor,  he  here  advances  to  the  idea  that  water  vapor  is 
essential  to  all  electric  conduction,  in  that  it  makes  possible  the 
passage  of  the  current.  During  the  passage  of  the  current 
there  may  be  produced  the  characteristic  spectrum  of  the  gas 
and  also  the  spectrum  of  water  vapor.     In  a  recent  article  Trow- 

^  Amer.  Jour.  Sci.,  12,  310,  igoi. 
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bridge  speaks  of  another  spectrum  of  water  produced  by  con- 
denser discharges  of  great  intensity  giving  a  brilliant  white  light, 
which  spectrum  is  continuous  throughout  the  visible  portion  and 
consists  of  bands  in  the  ultra-violet.  These  "spectra  of  water 
vapor"  he  believes  are  spectra  arising  from  dissociation  of  water 
molecules. 

J.  J.  Thomson  in  1895'  ^^' 
served  what  appeared  to  be  elec- 
trolysis of  h3-drogen  gas  in  a 
vacuum  tube,  or  the  separation 
of  positive  and  negative  hvdro- 
gen  ions.  Using  a  tube  with  a 
metallic  diaphragm,  and  allowing 
the  current  to  run  in  one  direction 
for  some  time,  he  obtained  the 
Ha  line  strong  on  the  positive 
side  of  the  plate  and  H^  faint, 
while  the  reverse  was  true  on 
the  negative  side.  His  interpre- 
tation was  that  on  the  negative- 
side  there  was  an  excess  of  posi- 
tively charged  hydrogen  ions, and 
on  the  positive  side  of  nega- 
tively   charged    hydrogen    ions, 

the  former  having  a  natural  vibration  giving  H^  and  the  latter 
one  corresponding  to  Ha.  He  also  obtained  by  passing  the 
current  in  one  direction  for  a  time  through  a  mixture  of  hydrogen 
and  chlorine,  the  hydrogen  lines  bright  near  the  kathode  and 
the  chlorine  lines  weak  or  absent,  and  the  reverse  at  the  anode. 
This  experiment  was  called  in  question  by  Morris-Airey  ^  work- 
ing in  Kayser's  laboratory,  who  believes  that  these  effects  were 
due  merely  to  temperature  differences.  He  employed  two  tubes, 
connected  as  shown  in  the  figure,  running  a  continuous  current 
through  a  mixture  of  chlorine  and  hydrogen  between  electrodes 
A  and  B  until  the  chlorine  lines  practically  disappeared  and  the 
hydrogen    lines   became   very  bright   at   the    kathode,  and   then 

■  yVrt/ar^  52,451,  1895.  'Phil.  Mag.,{l)  49,  307,  1900. 


Il6  LOUIS  A.  PARSOXS 

he  immediately  sealed  off  the  tubes  at  c  andf'.  Afterwards 
when  they  were  used  as  separate  tubes  they  gave  identical 
spectra. 

In  a  number  of  the  Philcsopliical  Magazine  about  a  year  ago, 
Lewis"  discussed  "the  role  of  water  vapor  in  gaseous  conduc- 
tion "  suggested  by  Trowbridge's  paper.  He  says  :  "It  seems 
that  the  complete  removal  of  water  vapor  from  vacuum  tubes  is 
perhaps  possible,  and  still  the  hydrogen  or  other  gases  contained 
therein  may  transmit  the  current  and  give  their  characteristic 
spectra."  Deslandres,  Wiedemann,  and  Lewis  himself  all  found 
that  by  heating  sodium  in  a  tube  containing  hydrogen,  although 
the  hydrogen  lines  were  weakened  when  the  sodium  vapor  was 
dense,  they  came  out  with  their  full  intensity  when  the  sodium 
was  cool.  Using  hydrogen  with  the  same  treatment,  however, 
Deslandres  succeded  in  getting  rid  of  the  water  vapor  lines. 
Lewis  put  pure  sodium  in  a  tube  filled  with  hydrogen,  and  after 
heating  it  frequently  to  drive  off  impurities,  he  filled  it  with  pure 
hydrogen,  and  then  formed  a  "sodium  dew"  over  the  capillary 
and  walls  of  the  tube.  Whenever  it  was  heated  the  hydrogen 
lines  were  weak,  but  came  out  quite  strong  when  the  tube  was 
cooled,  and  were  just  as  strong  after  the  tube  had  been  used 
continuously  for  two  weeks.  When  the  tube  was  broken  there 
were  found  large  patches  of  sodium  whose  metallic  surface  was  not 
tarnished,  which  led  Lewis  to  observe  that  whatever  other 
impurities  might  have  been  there,  it  is  difificult  to  see  how  any 
free  water  vapor  or  oxygen  could  have  been  present."  He  con- 
cludes that  "  it  seems  at  least  doubtful  whether  water  vapor  is 
necessary  to  gaseous  conduction." 

Wilsing'^  recentl}' made  some  interesting  experiments  on  the 
spectrum  of  hydrogen.  Making  the  usual  observation  that  in 
general  the  introduction  of  a  spark  gap  changed  the  many-line 
to  the  four-line  spectrum  and  broadened  the  lines,  he  remarks 
that  it  cannot  be  an  electrical  resonance  effect  due  to  the  oscil- 
latory discharge,  for  the  effect  was  not  changed  by  varying  the 

^  Phil.  Mag.,  (6)  3,  512,  1902. 

'"Investigations  on  the  Spectrum  of  A'ova  Amigae,"  Pub.  d.  .Astrofhys.  Ohserv. 
zu  Potsdam,  12,  77-102,  1900. 
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period  of  the  oscillation  ;  and  he  comes  to  the  conclusion  that 
it  is  due  to  high  temperature  resulting  from  the  condenser  dis- 
charge. 

A  large  number  of  the  ultra-violet  lines  of  the  elementary 
spectra  have  been  found  as  bright  lines  in  the  chromosphere  of 
the  Sun,  but,  on  looking  for  their  reversals,  among  the  Fraun- 
hofer  lines  of  the  solar  spectrum,  those  of  shorter  wave-length 
Hh  (^^H  line)  do  not  appear.  The  possibility  of  certain  conditions 
of  temperature  or  pressure  in  the  photosphere  being  responsible 
for  this  suggests  itself.  Campbell'  found  that  in  the  spectra  of 
certain  stars,  the  ultra-violet  hydrogen  lines  are  dark,  while  those 
of  greater  length  are  bright,  there  being  a  regular  gradation 
between  the  two  ;  and  Kayser""  calls  attention  to  the  fact  that  this 
is  in  accordance  with  the  deductions  of  Kirchhoff's  laws,  assum- 
ing that  they  apply  to  this  radiation. 

Schumann 3  on  examining  the  spectra  of  hydrogen  from  an 
end-on  tube  found,  on  varying  the  pressure,  what  appeared  to  be 
a  reversal  and  a  displacement  of  H^  or  separation  into  com- 
ponents. Trowbridge*  recently  obtained  a  reversal  of  hydrogen 
lines  in  employing  his  intense  condenser  discharges,  which  he 
attributed  to  a  selective  reversibility  of  the  silver  salts  of  the 
photographic  plate,  and  concluded  that  it  was  unsafe  to  draw 
conclusions  from  reversals  as  to  the  temperature,  pressure  or  any 
other  condition  of  the  source,  and  considered  this  to  have  a  very 
im[)ortant  bearing  on  astrophysical  problems.  Wood,^  however, 
obtained  effects  entirely  analogous  to  those  of  Trowbridge  by 
subjecting  a  photographic  plate  to  two  light  radiations,  one  of 
short  duration  and  great  intensity,  followed  by  one  of  relatively 
great  duration  and  feeble  intensity  (the  Clayden  effect)  ;  and  he 
also  found  no  selective  reversibility  in  the  silver  salts,  and  con- 
cluded this  could  not  have  any  bearing  on  astrophysical  problems. 

It  is  because  of  the  bearing  on  astrophysical  problems,  the 
question  of  the  physical  condition  and  constitution  of  the  heavenly 
bodies,  that  the  determination  of  the  exact  conditions  governing 

■  .\STROPHVSICAL  JOURNAL,  2,   177,  iSgS. 

■'Ibid.,  4,  313,  1901.  '  Phil.  Mag.,  (6)  4.  156,  1902. 

■>  Aslronomy  and  AslroFliyiics,  12,  159,  1S93.  ^  Phil.  Mag.,  (6)  4,  606,  1902. 
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the  changes  in  the  hydrogen  spectrum  become  of  great  impor- 
tance. There  are  certain  differences  in  the  spectra  of  hydrogen 
as  obtained  in  the  laboratory  and  in  the  spectrum  of  the  Sun  and 
of  the  stars.  Wright  and  Campbell, '  from  measurements  of 
h^'drogen  lines  in  the  spectrum  of  o  Ccti,  came  to  the  conclusion 
that  there  was  an  error  of  one-tenth  of  an  Angstrom  unit  in  the 
value  of  the  \va\'e-length  of  //S  given  in  Rowland's  tables  of  the 
solar  spectrum.  The  same  conclusion  has  been  reached  by 
Evershed  from  measurements  of  the  flash  spectrum  obtained  in 
India  during  a  total  eclipse  of  the  Sun.  Jewell, ="  after  carefully 
going  over  Rowland's  measurements  again,  however,  concluded 
that  there  was  no  error  in  the  original  calculation,  the  wave- 
length of  Hh  as  a  dark  line  in  the  Sun  being  4102.00,  while  the 
value  obtained  by  Evershed  and  by  Wright  and  Campbell  for  Hh 
as  a  bright  line  in  the  Sun  and  stars  (4101.85)  agreed  with  the 
value  obtained  in  vacuum  tubes,  which  last  also  agreed  with  the 
place  as  given  by  Balmer's  formula  \He  in  the  Sun  also  is  not  in 
accord  with  Balmer's  formula). 

Not  all  of  the  lines  of  the  four-line  spectrum  of  hydrogen 
appear  in  the  dark-line  spectrum  of  the  Sun.  Only  Ha,  ///?,  H'^, 
and  Hh  are  distinct;  those  of  shorter  wave-lengths  are  of  a  dif- 
ferent character — broad,  haz}',  and  indistinct;  and  those  of 
shortest  wave-length  are  not  distinguishable  at  all.  This  also  is 
at  variance  with  the  four-line  spectrum  as  ordinarily  obser\'ed  in 
the  laboratory. 

The  elementary,  or  four-line,  spectrum,  according  to  the 
classification  of  spectra  founded  on  the  numerical  relations  and 
character  of  the  lines,  is  not  the  principal  but  the  first  subordinate 
series.  In  1897  Pickerings  discovered  another  scries  of  hydrogen 
lines  in  the  spectrum  of  the  star  ^Piippis,  which  according  to 
Kayser-*  and  Rydberg^  constitute  a  second  subordinate  series 
following  a  different  law  from  the  first  series,  but   ending  at  the 

'  W.  H.  Wright,  Astrophysicai,  Journal,  9,  50,  lisgg. 
».\sTRornYsicAL  Journal,  9.  211,  1899. 

'  Harvard  Colltse  Observatory  Cirailar  No.  12  ;  AsTKiiriivsiCAL  Journal,  5,  92, 
1897,  also  13,  2.^0,  1901. 

*  .^STROl'HYSlCAL  JOURNAL,  5,  95,  243,  1897.  ^  Ibid.,  6,  233,  1897. 
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same  point  in  the  spectrum.  Rydberg  also  calculated  the  wave- 
lengths of  the  principal  series  of  hydrogen,  beginning  at  the  same 
point  in  the  spectrum  as  the  second  subordinate  series.  The 
second  subordinate  series,  though  observed  in  some  stars,  has 
never  been  obtained  in  the  laboratory,  and  the  principal  series 
has  never  been  observed  at  all. 

The  spectrum  of  hydrogen,  then,  is  not  by  any  means  inva- 
riable;  there  are  differences  in  the  spectrum  as  observed  in  the 
Sun,  in  the  stars,  and  in  vacuum  tubes  in  the  laboratory  ;  and  in 
the  latter  there  are  observed  changes  due  to  different  conditions 
of  the  discharge.  Because  of  the  bearing  of  the  latter  on  the 
astrophysical  problems  involved,  it  becomes  of  great  impor- 
tance to  accurately  determine  the  causes  of  the  changes  we  are 
able  to  bring  about  in  the  laboratory  so  as  to  have  a  guide  in 
interpreting  the  particular  variations  in  the  spectra  of  the  heavenly 
bodies.  What,  we  are  led  to  inquire,  is  the  cause  determining 
the  occurrence  of  the  four-line  and  the  many-line  spectrum,  and 
of  the  changes  in  the  spectrum  as  the  conditions  are  varied  ?  Is 
it  high  temperature,  pressure,  the  electrical  conditions  of  the 
circuit,  or  water  vapor,  or  what?  It  was  to  obtain  evidence  to 
aid  in  answering  these  questions  that  the  experiments  described 
here  were  undertaken. 

APP.\RATUS. 

The  hvdrogen  used  in  these  experiments  was  prepared  by  the 
electrolysis  of  dilute  sulphuric  acid,  and  was  passed  through  a 
system  of  tubes  containing  substances  for  drying  and  purifying 
to  the  Geissler  tubes,  and  thence  to  another  series  of  tubes  to  the 
mercury  pumps  used  in  exhausting,  making  a  completely  closed 
system  about  sixty  feet  long  from  generator  to  pump,  with  only 
one  stop-cock  at  the  generator.  Calcium  chloride,  sulphuric 
acid,  caustic  potash,  potassa-lime,  and  phosphorous  pentoxide 
were  used  for  drying,  sulphur  and  gold  foil  for  the  removal  of 
the  mercury,  and  heated  copper  foil  to  remove  oxygen.  There 
was  no  trouble  from  hjdrocarbon  vapors,  oxygen,  or  air  after 
everything  had  been  pumped  out  thoroughly,  and  most  of  the 
time  there  was  no  trouble  from  mercury  vapor,  the  mercury  lines 
not  appearing  in  the  spectrum,  or  else  very  faintly. 
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As  a  source  for  the  electric  current  a  storage  battery  of  4000 
cells  was  constructed.  For  obtaining  the  continuous  discharge 
the  battery  was  connected  to  the  vacuum  tube  with  a  water  resis- 
tance of  about  a  million  ohms  in  series.  A  milliammeter  was 
used  to  give  the  current.  The  oscillatory  discharge  was  obtained 
by  connecting  the  terminals  of  the  battery  to  a  glass 
plate  condenser,  equivalent  to  one  or  more  Leyden 
jars,  which  in  turn  was  connected  through  a  spark-gap 
and  coil  of  self-induction  of  0.009  henry  (which  coil 
could  be  short  circuited  at  will)  to  the  vacuum  tube. 
A  number  of  tubes  were  used  of  different  diameters 
and  with  different  distances  between  the  electrodes, 
and  the  spectrum  was  observed  with  a  Steinheil  k 
spectroscope  as  the  pressure  of  the  gas,  the  tempera- 
ture, and  the  electrical  conditions  of  the  circuit  were 
\aried.  Some  of  the  tubes  had  capillaries,  but  most 
of  them  had  none,  being  of  uniform  diameter  of  from 
6  to  22  mm.  The  electrodes  in  most  cases  were  of 
aluminium  rod  2  mm  in  diameter.  The  pressure  of  the  gas  was 
varied  from  nearly  an  atmosphere  down  to  a  millimeter  (and 
sometimes  a  fraction  of  it). 


CONTINUOUS    DISCH.\RGE EFFECT    OF    PRESSURE. 

The  continuous  current  of  a  few  milliamperes  from  the  bat- 
tery always  gave  the  many-line  spectrum  and  the  four  lines  all 
sharp  and  fine  even  at  the  highest  pressures  (500  mm,  or  even 
700  mm).  The  discharge  in  wide  tubes  was  characterized  by  a 
bright  point  on  the  anode  (which  appeared  always  to  give  the 
many-line  spectrum),  and  a  white  velvety  glow  at  the  kathode, 
which  appeared  on  the  tip  of  the  electrode  at  high  pressures  and 
gradually  expanded  until  it  filled  that  part  of  the  tube  at  a  pres- 
sure of  a  millimeter,  and  in  which  ///3  could  always  be  seen. 
There  was  no  essential  difference  in  the  action  of  the  tubes  with 
different  electrode  distances,  as  the  [iressurc  was  lower  ;  the  dis- 
charge ceased  sooner  in  the  tubes  with  the  electrodes  close 
together  than  in  those  with  electrodes  farther  apart.  In  the  capil- 
lary the  s])ectrum  was  faint  at   high    [pressures,  appearing  first  in 
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the  green  and  blue,  with  ///3  not  as  bright  as  other  fine  lines  in 
that  region.  With  decreasing  pressure  the  spectrum  first  spread 
toward  the  red  and  violet,  and  then  the  intensity  of  the  whole 
increased,  and  also  the  relative  intensity  of  the  four  lines,  until 
the  point  of  maximum  resistance  was  reached,  beyond  which  the 
process  was  reversed. 

V.-\RIATION    OF    CURRENT    DENSITY. 

The  same  changes  that  occur  in  the  glow  discharge  and  in  the 
spectrum  during  a  decrease  of  pressure  were  produced  by 
increasing  the  current  cither  by  an  increase  of  voltage  or  a 
decrease  of  external  resistance,  but  the  changes  also  took  place 
with  decreasing  pressure  at  constant  current  (though  less  rapidly 
than  with  decreasing  pressure  and  constant  external  resistance). 

The  abruptlv  oscillating  discharge,  occurring  with  the  con- 
denser and  spark-gap,  gave  the  deep  red  spark  discharge  between 
the  electrodes,  and  always  tended  to  broaden  the  lines  and  to 
increase  the  relative  intensity  of  the  four  lines.  At  high  pres- 
sures, with  considerable  capacity,  the  four  lines  appeared  very 
bright  and  broad,  while  the  Al  lines  from  the  electrodes  were 
bright  and  fine.  With  decreasing  pressure  the  four  lines  gradu- 
ally became  narrower.  Ha  first  becoming  fairly  sharp,  and  then 
Hfi.  All  decreased  in  intensity,  but  //S  faded  away  relatively 
quite  rapidly.  The  electrode  lines  disappeared  in  the  central 
portion,  and  finally  extended  only  a  short  distance  from  the 
electrodes.  At  a  pressure  of  more  than  lOO  mm  the  many  lines 
appeared  in  the  red  and  orange,  at  first  broad  and  indistinct  and 
massed  together,  but  sharp  and  distinct  at  lower  pressures. 
With  decreasing  pressure  the  many  lines  increased  in  intensity 
relatively  to  the  four  lines.  The  introduction  of  self-induction 
even  at  pressures  as  high  as  an  atmosphere  made  the  four  lines 
narrow,  and  brought  out  the  many  lines  quite  distinct  and  fine. 
Excepting  at  very  high  pressures,  self-induction  increased  the 
intensity  of  the  many-line  spectrum,  and  decreased  the  intensit}- 
of  the  four  lines. 

.\  tube  15  mm  in  diameter,  with  electrodes  6  mm  a])art, 
showed   a   heavy   red   spark   discharge    at   high   pressure,  which, 
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when  the  pressure  was  lowered  to  about  lOO  mm,  contracted  to 
a  cone  with  its  base  at  the  anode  and  extending  almost  to  the 
kathode,  and  was  surrounded  by  a  blue  sheath  broadest  at  the 
kathode.  The  blue  glow  gave  a  faint  continuous  spectrum  and, 
apparently,  the  many-line  spectrum  of  hydrogen,  though  faint. 
The  red  discharge  gave  the  four  lines  broad  and 
bright  near  the  electrodes.  Ha  and  H^  extending  all 
the  w.iy  across  and  rather  fine  near  the  kathode,  while 
XatitA  H'f  and  Hh  were  seen  only  near  the  atiode.  With 
decreasing  pressure  the  red  cone  shortened  until  it 
became  a  point  on  the  tip  of  the  anode,  and  finally 
disappeared,  leaving  the  discharge  entirely  blue. 
j)We  Another  tube  of  a  larger  diameter,  but  in  all  other 
respects  identical  with  this  one,  gave  the  deep  red 
discharge   throughout   this    entire    range    of  pressure. 

It  was  at  first  difificult  to  see  how  two  tubes,  both  con- 
tic.  3. 

nected  to  the  apparatus  and  at  precisely  the  same  pres- 
sure, and  differing  only  in  diameter  (and  in  that  very  slightly), 
would  act  so  differently.  It  was  easily  shown,  however,  that  the 
resistance  of  the  tube  was  the  determining  factor,  being  high 
enough  in  the  narrower  tube  to  prevent  the  abruptly  oscillating 
discharge  which  took  place  easily  in  the  larger  one.  When  a  high 
external  resistance  was  put  in  series  with  the  large  tube,  it  gave 
the  blue  discharge  similarly  to  the  narrower  tube,  and  when  the 
caj)acit\'  was  increased  the  red  dis- 
charge occurred  in  the  narrow  tube 
at  comparatively  low  pressures.  In 
fact,  in  all  the  experiments,  when- 
ever the  electrical  conditions  of  the 
circuit  were  such  as  to  give  the  ab-  ^^  ^^  ^ 
ruptly  oscillating  discharge,  the  red  ^"■-  ^■ 

discharge  and  the  four-line  spectrum  resulted.  Tubes  of 
different  diameters  were  employed,  but  they  showed  no  differ- 
ences, excepting  in  so  far  as  the  greater  resistance  of  the  nar- 
rower ones  causes  the  change  to  the  blue  spectrum  at  higher 
jjressures. 


}i«.     m     My.     m 
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EFFECT    OF    HEATING. 

If  the  four-line  spectrum  is  due  to  water  vapor,  one  might 
expect  an  external  heating  of  the  tube  sufficient  to  drive  off 
water  vapor,  to  cause  an  increase  in  the  red  discharge,  and  a 
corresponding  increase  in  the  intensity  and  width  of  the  four 
lines.  Or  if  the  four-line 
spectrum  is  due  to  high 
temperature  (of  the  gas  as  a 
whole),  we  should  look  for 
the  same  effect  when  the 
tube  is  heated.  However, 
heating  the  tube  externally 
by  means  of  a  Bunsen  burner, 
or  internally  by  continuing 
the  discharge  for  some  time, 
instead  of  having  the  effect 
of  increasing  the  amount  of 
red  in  the  discharge  and  pro- 
ducing a  change  in  the  di- 
rection of  the  four-line  spectrum,  hatl  the  opposite  effect, 
decreasing  the  red  or  changing  to  the  blue  discharge. 

EFFECT    OF    W.ATER    VAPOR. 

Two  tubes,  as  nearly  identical  in  all  respects  as  possible  and 
of  the  form  shown  in  the  adjoining  figure,  were  connected,  one, 
A,  directly  to  the  a])paratus,  and  the  other,  B,  through  drying 
tubes  of  calcium  chloride  and  phosphorous  pentoxide.  In  the 
bulb  of  B  was  placed  about  j',,-  cu.  cm  of  water,  which  was  kept 
frozen  while  the  tubes  were  being  exhausted,  washed  out,  and 
filled  with  hydrogen.  The  pressure  was  lowered  to  44  mm,  when 
the  discharge  was  blue,  with  red  extending  only  a  short  distance 
frorn  the  tips  of  the  electrodes,  and  identical  in  the  two  tubes. 
The  ice  was  melted  and  a  short  time  allowed  for  the  water  to 
evaporate.  No  effect  was  observed  then  or  when  the  water  was 
slightly  warmed.  But  when  the  water  was  boiled  so  that  some 
passed  over  into  the  main  tube,  the  discharge  in  B  became  red 
all    the  way  across,  and  Ha,  ///S  and  7/7  became  much  brighter. 
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The  discharge  remained  very  decidedly  red  after  running  for 
some  minutes,  when  it  was  certain  that  the  pressure  was  the 
same  in  the  two  tubes.  Tube  A  gave  the  blue  discharge  with  the 
red  on  the  tips  of  the  electrodes,  just  as  before.  On  cooling  the 
side  tube  in  the  freezing  mixture,  the  discharge  became  decid- 
edly less  red.  When  nearly  all  of  the  water  was  boiled  over 
into  the  main  tube,  the  discharge  became  verv  red,  and  Ha  and 
H^  came  out  ver}'  bright  and  broad,  7/7  was  broad,  and  //8 
seemed  to  be  present,  faint,  and  broad.  On  again  placing  the 
side  tube  in  the  freezing  mixture  and  passing  the  current  through 
it,  the  discharge  became  decidedly  less  red,  and  finally  became 
somewhat  blue,  though  not  as  much  as  the  other  tube.  ^ 

The  experiments  appear  to  show  a  very  marked  connection 
between  the  four-line  spectrum  and  the  presence  of  water  vapor 
or  water.  But  it  is  to  be  noted  that  the  effect  was  produced 
only  when  water  or  water  vapor  was  present  in  large  quantities, 
and  did  not  appear  in  the  least  with  only  small  traces  of  the 
vapor.  With  large  quantities  present  some  evidently  was  on  the 
electrodes  and  in  the  path  of  discharge,  and  the  vaporization  and 
dissociation  of  the  water  bv  the  current  would  produce  a  high 
local  increase  in  the  pressure ;  and  the  effect  observed  was 
exactlv  that  which  would  have  been  brought  about  by  an 
increase  in  pressure.  Or,  the  sudden  ionization  of  the  water 
might  well  produce  a  violent  change  in  the  passage  of  the  elec- 
tric current  —  causing  the  abruptly  oscillating  discharge  of  which 
the  four-line  spectrum  was  characteristic. 

When  one  of  the  tubes  cracked,  the  presence  of  the  air  leak- 
ing in  was  shown  by  the  oxygen  and  nitrogen  bands.  With  the 
discharge  without  the  condenser,  or  with  the  condenser  and  self- 
induction,  most  of  the  current  was  carried  by  the  nitrogen, 
scarcely  anything  else  being  seen  in  the  spectrum  excepting  the 
nitrogen.  With  capacity  without  self-induction  and  with  a  small 
spark-gap,  the  oxygen  predominated,  while  with  a  large  spark- 
gap  giving  a  very  definite  disruptive  discharge  the  current  was 
carried  almost  entirely  by  the  hydrogen,  the  four  lines  coming 
out  brilliantlv. 
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DISCHARGE    IN    AIR. 

A  system  of  four  tubes  varying  in  diameter  from  6mm  to 
22mm,  all  with  electrodes  about  7mm  apart,  and  a  bulb  90mm 
in  diameter,  with  electrodes  10 mm  apart,  were  first  used,  when 
filled  with  air,  before  an}-  h)-drogen  had  been  admitted.  Ex- 
cepting at  quite  low  pressures,  the  walls  of  the  bulb  were  so  far 
away  from  the  discharge  as  not  to  be  at  all  heated  or  apparently 
affected  b)-  the  discharge  in  any  way.  In  the  narrower  tubes, 
where  the  discharge  reached  the  glass  walls.  Ha  and  ///8  were 
seen  very  bright  (especially  Ha)  and  broadened  throughout  a 
great  range  of  pressure,  while  they  were  not  seen  at  all  under 
like  conditions  in  the  bulb.  This_  pointed  very  strongly  to  the 
conclusion  that  the  four-line  spectrum  is  due  to  water  vapor 
driven  from  the  walls  of  the  tube.  But  although  Ha  was  bright 
in  the  narrower  tubes,  ///3  was  usually  comparatively  faint,  7/7 
was  never  seen  with  certainty,  and  Hh  not  at  all.  When  the 
tubes  were  filled  with  dry  hydrogen,  it  is  not  likely  that  they 
contained  more  water  vapor  than  when  filled  with  air  from  the 
room,  and  yet,  with  the  hydrogen,  all  the  tubes,  including  the 
bulb,  showed  with  the  condenser  discharge  Ha,  ///S,  H^,  and 
Hi,  all  very  bright  and  broad.  The  four-line  spectrum  was 
plainly  not  the  same  in  air  as  in  hydrogen,  and  certainly  the 
evidence  was  not  in  favor  of  the  assumption  that  the  four-line 
spectrum  is  due  only  to  water  vapor  and  not  at  all  to  hydrogen 
as  such. 

It  may  be,  as  Trowbridge  claims,  that  "a  certain  amount  of 
water  vajjor  is  essential  to  all  electrical  discharge  through 
gases,"  and  that  the  four-line  spectrum  of  hydrogen  is  intimately 
associated  with  the  dissociation  of  water  vapor.  The  idea  that 
a  perfectly  dry  gas  of  any  kind  not  ionized  is  a  non-conductor 
of  electricity  is  certainly  not  a  new  one.  In  a  paper  published 
in  the  Pliilosopliical  Magazine  in  ii^93,'  J.  J.  Thomson  considered 
the  effect  upon  the  formation  of  drops  and  said:  "  In  a  vacuum 
tube  with  electrodes  at  high  potential,  the  presence  of  the  elec- 
tric charges  would  tend  to  form  drops  of  water,  if  there  should 
be  any  water  vapor  present;"  and  he  concluded  that  the  mole- 
■(5)36-313- 
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cules  might  be  dissociated  into  charged  ions  bv  condensation  on 
the  surface  of  little  spheres  of  water  or  of  any  other  liquid  of 
high  specific  inductive  capacity,  and  these  charged  ions  in  turn 
would  facilitate  the  formation  of  other  drops  of  water.  This 
action  would  render  easy  the  passage  of  a  current  from  one 
electrode  to  the  other.  The  presence  of  water  yapor  in  this  way 
would  tend  to  ionize  whatever  gas  were  present  in  a  vacuum 
tube,  and  thus  render  possible  the  passage  of  a  current  and  put 
it  into  a  condition  to  vibrate  in  such  a  way  as  to  give  its  charac- 
teristic spectrum.  But  it  cannot  be  said  that  water  is  absolutely 
necessary  for  this,  for  the  same  might  be  done  by  any  liquid  of 
high  specific  inductive  capacity.  In  fact,  anything  that  could 
ionize  the  gas  in  the  tube,  as  'X-rays,  Becquerel  rays,  ultra-violet* 
light,  or  the  Entladurigstrahlen  from  a  spark,  would  render  the  gas 
conducting,  and  in  a  perfectly  dry  gas,  not  ionized  with  high 
enough  potential,  we  may  obtain  a  disruptive  spark  discharge. 
And  a  gas  that  from  any  cause  whatever  is  carrying  electricity 
through  it,  it  seems  fair  to  assume,  may  be  giving  off  its  charac- 
teristic spectrum,  entirely  apart  from  the  presence  of  water  vapor 
or  any  other  foreign  substance. 

As  stated  before,  some  of  the  experiments  described  in  this 
paper,  as  well  as  the  experiments  of  Trowbridge,  point  to  a  con- 
nection between  water  vapor  present  in  a  tube  and  the  four-line 
spectrum  of  hydrogen.  It  does  not  seem,  however,  that  one  is 
warranted  in  concluding  that  the  four-line  spectrum  is  the  spec- 
trum of  water  vajior.  It  may  be  that  this  spectrum  is  due  to  the 
particular  vibrations  produced  at  the  instant  of  dissociation  of 
water  molecules,  or  of  recombination  of  hydrogen  and  oxygen 
ions.  But  may  it  not  even  in  that  event  be  that  the  four-line 
spectrum  is  a  true  spectrum  of  hydrogen,  which  is  due  to  the 
particular  vibration  of  the  hydrogen  ion  occurring  at  the  instant  of 
ionization,  which  ionization  may  be  that  of  a  hydrogen  molecule, 
or  of  a  molecule  of  any  other  compound  of  hydrogen  as  well  as 
of  water,  while  the  natural  vibrations  of  the  free  hydrogen  ion 
give  rise  to  the  many-line  spectrum  ?  The  experiments  stated 
in  this  paper  could  be  ex]ilained  in  this  hypothesis,  and  could 
not  the  ex])eriment  of  Trowbridge  as  well? 
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But  we  are  not  excluded  from  the  possibility  that  pressure  or 
the  electrical  conditions  of  the  circuit  are  the  determining  fac- 
tors. This  much  seems  certain,  whenever  the  discharge  is  com- 
paratively steady,  as  with  a  battery,  the  many-line  spectrum  is 
produced,  while  the  abrupt  oscillating  discharge  always  gives  the 
four  lines  bright.  The  presence  of  water  vapor  in  quantity  (as 
in  one  of  these  experiments)  would  in  the  electric  field  result  in 
the.  formation  of  drops  of  water,  the  vaporization  and  the  disso- 
ciation of  which  would,  as  has  been  stated,  cause  great  local 
increase  of  pressure,  which  would  account  for  the  facts  observed, 
if  we  consider  it  a  pure  pressure  effect. 

The  most  natural  conclusion  from  this  investigation  is  that 
the  four  lines  are  increased  in  intensity  and  in  width  whenever 
anything  occurs  that  renders  the  electrical  discharge  discontinu- 
ous and  very  abrupt  and  violent.  As  to  what  the  process  or 
mechanism  is  by  which  the  characteristic  mode  of  vibration  is 
produced,  whenever  this  occurs,  we  cannot  say. 

A  series  of  photographs  of  the  hydrogen  spectrum  were  taken 
with  a  quartz  spectrograph  with  capacity  and  self-induction,  at 
pressures  ranging  from  about  700  mm  down  to  2  mm,  which  gave 
results  in  harmony  with  the  eye  observations  already  noted.  A 
point  of  interest  that  attracts  one's  attention  in  looking  over  the 
plates  is  that  the  lines  //e,  H%,  Ht),  Hd,  etc.,  assigned  to  the  four- 
line  spectrum,  are  either  not  present  at  all  or  else  do  not  seem 
to  behave  in  the  same  way  as  Ha,  H^,  H'y,  and  //S,  which  are 
very  intense  and  broad  at  high  pressures,  and  gradually  decrease 
in  width  and  intensity  with  decreasing  pressure  ;  while  the  others 
are  faint  and  narrow  at  high  pressures  and  change  very  slightly 
if  at  all  with  decreasing  pressure. 

CONCLUSIONS. 

1.  The  "compound  spectrum,"  "secondary  spectrum,"  or 
"many-line"  spectrum  of  hydrogen  never  occurs  without  the 
four  lines.  The  four-line  spectrum  mav  occur  at  high  pressures 
without  the  many  lines. 

2.  The  four-line  spectrum  is  characteristic  of  an  abruptly 
•oscillating  discharge,  and  the  many-line  spectrum  of  the  contin- 
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uous  discharge  of  the  battery,  the  less  violent  oscillatory  dis- 
charge which  occurs  with  self-induction  in  the  circuit  giving  a 
spectrum  midway  between  the  two — the  many-line  spectrum  with 
the  four  lines  very  bright  and  fine. 

3.  The  production  of  the  four-line  spectrum,  or  the  broaden- 
ing of  the  lines,  may  be  due  to  high  temperature  occurring 
along  the  path  of  discharge,  or  locally  at  points  where  the  dis- 
ruptive discharge  takes  place,  i.  e.,  it  may  be  due  to  an  increased 
translatory  motion  of  the  particles  which  have  this  mode  of 
vibration  —  a  point  which  it  seems  impossible  to  determine.  But 
it  seems  certain  that  this  is  not  due  to  high  temperature,  if  we 
mean  the  average  temperature  of  the  gas  in  the  tube.  ^ 

4.  It  is  likely  that  the  presence  of  water  vapor  in  a  tube 
plays  an  important  role  in  the  conduction,  because  of  its  efifect 
in  ionizing  the  gas,  but  it  seems  also  likel\'  that  other  agencies 
ma}'  produce  the  same  result.  There  seems  to  be  a  connection 
between  the  presence  of  a  quantity  of  water  vapor  and  the  bright- 
ness of  the  four  lines,  and  it  may  be  that  the  process  of  dissoci- 
ation of  water  gives  rise  to  vibrations  producing  the  four-line 
spectrum.  But  there  does  not  seem  to  be  any  evidence  for  say- 
ing that  the  four-line  spectrum  is  the  spectrum  of  the  water 
vapor.  On  the  contrary,  the  "four  lines"  appear  to  be  true  lines 
of  hydrogen. 

In  conclusion  I  wish  to  acknowledge  my  obligation  to  Pro- 
fessor Ames,  at  whose  suggestion  the  work  was  undertaken,  for 
the  kindly  and  helpful  interest  he  has  always  shown  ;  to  Professor 
Wood,  for  his  suggestions  ;  and  to  students  who  have  assisted 
me,  particularly  Mr.  George  \V.  Middlekauff,  who  was  for  a  con 
siderable  time  associated  with  the  work. 

Johns  Hopkins  University, 
May  :,  1903. 


SOME  EFFECTS  OF  CHANGE  OF  ATMOSPHERE  ON 
ARC  SPECTRA  WITH  REFERENCE  TO  SERIES 
RELATIONS.' 

By  A.  S.   Kin... 

Since  the  discovery  of  series  relations  in  the  spectra  of  a 
number  of  elements,  those  investigators  who  have  studied  the 
changes  produced  in  such  spectra  by  variation  of  physical  con- 
ditions have  noted  in  many  cases  that  lines  belonging  to  a  series 
are  affected  differently  from  the  unrelated  lines;  and  that  when 
two  or  more  series  are  present,  they  may  be  affected  in  different 
ways  by  change  of  condition.  Such  changes  in  physical  con- 
ditions not  only  furnish  us  with  a  means  of  separating  the  lines 
of  an  element  into  groups  between  the  members  of  which  series 
relations  may  be  looked  for,  but  we  may  be  enabled  to  draw 
conclusions  as  to  the  character  of  the  vibrations  which  give  rise 
to  such  lines  by  observing  what  conditions  seem  to  be  most 
favorable  for  their  production.  Any  points  which  can  be  estab- 
lished in  regard  to  these  matters  will  be  of  great  use  in  astronom- 
ical investigations,  where  the  spectra  of  heavenly  bodies  show 
many  differences  in  relative  intensities  of  lines,  which,  if 
explained,  would  give  indications  as  to  the  condition  on  these 
bodies. 

The  influences  upon  spark  and  arc  spectra  of  changes  in 
temperature,  pressure,  nature  of  discharge,  and  by  a  magnetic 
field  have  been  observed,  and  the  tendency  of  such  changes  to 
affect  certain  lines  more  than  others  has  been  frequently  noted. 
Another  method  of  separating  lines  into  groups  is  the  use  of 
different  gases  around  the  electric  arc  or  in  the  tube  through 
which  a  spark  is  passed.  It  has  long  been  known  that  such 
changes  of  atmosphere  may  affect  certain  lines  in  the  spectrum 
of  an  element  more  than  others,  but  it  is  only  recently  that  any 
notice  has  been  taken  of  the  method  as  a  means  of  grouping 
related  lines. 

■  Extract  from  a  dissertation  presented  in  partial  fulfilment  of  the  requirements 
for  the  degree  of  doctor  of  philosophy  in  the  University  of  California. 
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The  work  of  Professor  Crew'  with  metallic  spectra  influenced 
bv  an  atmosphere  of  hydrogen  has  shown  that  the  lines  belonging 
to  Kayser  and  Runge's  series  are  unaffected  by  a  change  from 
air  to  hydrogen  in  the  cases  of  the  metals  he  investigated,  and 
he  points  out  that  the  use  of  hydrogen  may  offer  a  means  of 
dividing  spectra  into  series  and  non-series  lines.  R.  A.  Porter^ 
has  supplemented  Professor  Crew's  work  by  the  use  of  oxygen, 
nitrogen,  and  ammonia  with  several  metallic  arcs,  but  his  results 
relate  chiefly  to  the  changes  in  prominent  spark  lines.  The 
method  thus  seems  to  be  only  in  the  beginning  of  its  usefulness. 

The  work  of  which  an  account  is  to  be  given  was  undertaken 
for  the  purpose  of  making  a  systematic  stutly  of  the  arc  spectra 
of  several  metals  whose  lines  show  regularities  in  their  arrange- 
ment, with  reference  to  changes  produced  bv  the  atmosphere 
surrounding  the  arc.  The  attempt  has  been  made  to  connect  the 
observed  changes  with  the  series  relations  among  the  lines  of  the 
metal,  to  separate  the  lines  into  groups  by  this  means,  and  to 
deduce  general  conclusions  as  to  the  nature  of  the  ph^'sical  con- 
ditions which  bring  about  the  observed  effects. 

With  this  object  in  view,  a  detailed  studv  has  been  made  of 
the  spectra  of  calcium,  strontium,  barium,  and  copper,  with  the 
arc  in  atmospheres  of  air,  ox\gen,  carbon  dioxide,  nitrogen, 
ammonia,  and  the  vapors  of  mercury  and  sodium.  A  few  observa- 
tions have  been  made  of  the  spectra  of  magnesium  and  zinc. 
The  use  of  copper  terminals  in  some  cases  has  given  an  oppor- 
tunity to  observe  the  effect  of  copper  vapor  mixed  with  that  of 
the  metal  under  observation. 

Carbon  terminals  were  used  for  most  of  the  work  with  the 
metals  of  the  calcium  group.  The  chlorides  of  calcium,  strontium, 
and  barium  were  used,  and  powdered  magnesium.  Carbons  made 
from  calcined  sugar  by  the  method  previously  described  ^  were 
used  to  advantage  in  some  cases  b\-  mixing  the  metallic  salt  or 
powder  with  the  powdered  charcoal,  then  molding  and  baking  the 
compound.  This  gives  a  very  uniform  distribution  of  the  metal 
through  the  carbon  and   freedom    from   impurities    found   in    the 

'  ASTROI'HYSICAL  JOURNAL,  12,  I67,  I9OO,  '  //';</.,  15,  274,  I902. 

3  A.  S.  King,  Astrophysical  Journal,  14,  323,  1901. 
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commercial  carbons.  Calcined  rock-candv  has  been  found  to 
give  a  very  pure  carbon  for  this  purpose.  In  using  calcium 
chloride  it  is  difficult  to  get  enough  of  the  metal  in  the  carbon, 
as  a  large  amount  causes  the  carbon  to  disintegrate  in  the  baking. 
Furthermore,  carbons  containing  any  hygroscopic  salt  must  be 
used  at  once  after  baking,  as  the  absorption  of  water  vapor  causes 
them  to  go  rapidly  to  pieces.  When  a  large  amount  of  metal  in 
the  carbon  was  desired,  commercial  carbons  were  used,  with  their 
cores  bored  out  and  filled  with  the  metallic  salt  or  magnesium 
powder.  These  were  satisfactory  for  the  most  of  the  work,  as 
the  spectrum  showed  but  few  impurity  lines.  In  cases  where  it 
was  desirable  to  eliminate  the  carbon  spectrum,  or  to  observe 
the  effects  of  copper  vapor,  copper  rods  were  used  as  electrodes, 
their  ends  being  bored  out  and  filled  with  the  metallic  salt. 

In  order  to  try  the  effects  of  sodium  and  mercury  vapors,  the 
lower  carbon  was  passed  through  the  bottom  of  a  small  graphite 
or  clay  crucible  which  was  fitted  around  the  carbon  a  short  dis- 
tance below  the  end,  and  filled  with  metallic  sodium  or  mercury. 
The  arc  being  started,  the  heat  caused  the  sodium  or  mercury  to 
give  off  large  quantities  of  vapor.  The  use  of  sodium  vapor  with 
carbon  terminals  causes  the  lower  carbon  to  disintegrate  rapidly 
where  the  liquid  sodium  comes  in  contact  with  it,  possibly  on 
account  of  the  presence  of  water  in  the  interior  of  the  carbon, 
which  is  attacked  by  the  sodium.  This  action  on  the  carbon 
limits  photographic  work  to  short  exposures. 

During  the  first  part  of  the  work  the  inclosure  used  for  the 
arc  was  a  glass  bulb  made  from  a  round-bottomed  flask  by 
introducing  a  tube  into  a  hole  blown  in  the  bottom.  Sto|ipers 
were  placed  in  this  tube  and  in  the  neck  of  the  flask,  through 
which  carbons  were  passed,  also  tubes  for  the  passage  of  gases. 
With  this  chamber,  either  the  vertical  or  the  horizontal  arc  could 
be  used.  Later  a  heavy  graphite  crucible  locm  in  diameter  was 
used  for  the  chamber.  This  was  made  almost  gas-tight  by 
inverting  it  upon  an  asbestos  base  through  which  the  lower 
carbon  and  the  inlet  tube  for  gases  were  passed.  The  upper 
carbon  and  outlet  tube  entered  through  holes  in  the  top,  and  the 
light  from  the  arc  passed  through  a  hole  in  the  side  i  cm  in 
diameter,  over  which  a  glass  or  ([uart/.  window  was  placed. 
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The  spectrum  was  formed  by  a  fifteen-foot  Rowland  concave 
grating,  of  which  the  first  order  spectrum  was  usually  used. 
Comparison  photographs  were  made  on  the  same  plate,  usually 
four  in  number,  the  two  outer  with  the  arc  in  air  with  different 
lengths  of  exposure,  the  two  inner  with  the  arc  in  the  gas  or 
vapor  whose  effect  was  being  studied,  and  with  exposures  cor- 
responding to  those  for  air.  An  effort  was  made  to  avoid  over- 
exposure, which  would  tend  to   equalize  the  intensities  of  lines. 

CALCIUM. 

The  spectrum  of  calcium  has  been  photographed  by  the 
writer,  with  the  arc  in  atmospheres  of  oxygen,  carbon  dioxide, 
nitrogen,  ammonia,  and  the  vapors  of  sodium,  mercury,  and  ^ 
copper.  The  fact  that  the  calcium  salts  are  very  volatile  in  the 
arc  makes  it  difficult  to  control  the  conditions  as  to  the  amount 
of  calcium  vapor  present  in  the  arc.  We  cannot  know  that  the 
same  amount  of  calcium  was  fed  into  the  arc  for  eacli  of  two 
comparison  photographs,  so  that  a  general  strengthening  of  the 
lines  under  certain  conditions  of  surrounding  atmosphere  means 
little.  It  seems  useless,  therefore,  to  make  any  statements  as  to 
the  absolute  effect  of  a  certain  atmosphere  on  the  calcium 
spectrum,  and  so  I  have  considered  only  relative  differences, 
and  have  looked  for  the  causes  which  produce  a  greater  inten- 
sification of  some  lines  than  of  others  when  conditions  are 
changed. 

The  most  striking  relative  difference  appears  when  we  com- 
pare the  behavior  of  the  ultra-violet  triplet  of  wave-lengths 
3644.45,  3630.82,  3624.15  with  a  pair  of  sharp  lines  at  X.3737.08 
and  X3706.18.  The  triplet  is  a  member  of  the  first  subseries  of 
Kayser  and  Runge.  The  pair  does  not  belong  to  a  series,  but 
has  the  same  difference  in  wave-number  (223)  as  the  H  and  K 
lines,  and  almost  the  same  as  the  pair  at  X3 179.45  and  \3 158.98 
(204).  The  triplet  and  pair  just  mentioned  are  close  together, 
can  be  easily  compared,  and  are  observed  to  be  affected  differ- 
ently by  a  surrounding  atmosphere  in  nearly  every  photograph  of 
the  large  number  I  have  taken.  The  pair  at  X.3179.45  and 
X3 1 58.98    behaves   very   similarly,  to    the    pair   just    mentioned. 


ARC  SPECTRA  133 

The  action  of  the  H  and  K  lines  is  similar  in  a  general  way,  but 
they  seem  to  change  more  easily  than  the  other  pairs,  perhaps 
on  account  of  greater  strength  and  frequent  reversals.  The 
changes  in  the  triplet  at  A.X3644.45,  3630.82,  3624.15  are  a  type 
of  the  behavior  of  the  more  diffuse  lines  of  the  spectrum,  includ- 
ing the  triplets  belonging  to  Kayser  and  Runge's  series  and 
most  of  the  unrelated  lines.  Triplets  belonging  to  the  second 
subseries  show  a  change  in  the  same  direction,  but  not  always 
to  the  same  degree  as  those  of  the  first  subseries.  Lines  belong- 
ing neither  to  the  series  nor  to  the  pairs  mentioned  above  show 
an  effect  intermediate  between  that  of  the  sharp  lines  of  the 
pairs  and  that  of  the  triplets  of  the  first  subseries. 

Taking  the  pair  and  the  triplet  as  types  of  the  two  kinds  of 
lines  into  which  the  calcium  spectrum  may  be  divided,  let  us 
notice  first  the  effect  of  varying  quantities  of  calcium  in  the  arc, 
other  conditions  remaining  the  same.  With  a  very  little  calcium 
in  the  arc,  the  pair  and  triplet  arc  of  about  the  same  intensity 
and  both  sharp.  Sometimes  the  pair  is  stronger  than  the  trip- 
let. On  increasing  the  quantity  of  calcium  in  the  arc,  the  pair 
increases  but  slowly  in  intensity  and  remains  sharp.  The  triplet, 
on  the  other  hand,  rapidly  becomes  strong  and  diffuse,  the 
lines  broaden  toward  the  violet,  and  with  a  large  amount  of  cal- 
cium reverse.  This  behavior  is  typical  of  that  of  all  triplets 
belonging  to  the  two  Kayser  and  Runge  series,  the  action  being 
most  pronounced  in  the  case  of  the  more  hazy  triplets,  as  those 
whose  strongest  lines  are  at  X.\336i,  3487,  and  4099. 

It  appears,  therefore,  that  the  increase  of  vapor  density, 
which  should  result  from  an  increased  supply  of  calcium,  would 
account  for  the  broadening  observed  in  the  case  of  the  more  dif- 
fuse lines,  and  that  the  sharp  lines  do  not  show  a  corresponding 
increase  in  intensity.  An  increase  in  vapor  density  is  probably 
accompanied  by  an  increase  in  the  temperature  of  the  arc,  since 
when  the  arc  is  started  with  a  large  amount  of  the  salt  in  the 
carbon,  the  current  is  above  normal,  and  other  conditions  which 
relatively  enhance  one  set  of  lines  usually  give  a  slight  increase 
in  current. 

This  selective  effect  of  change  in  densit\'  makes  it  difficult  to 
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form  tables  of  relative  intensities  for  spectra  like  that  of  calcium 
whose  lines  do  not  all  behave  alike.  I  have  often  noticed  that 
the  relative  intensities  of  Imes  on  my  plates  do  not  correspond 
with  those  given  by  Kayser  and  Runge.  For  example,  the  latter 
give  the  intensities  of  the  lines  forming  the  triplet  XX,3644, 
3631,362433  I,  2,  2  respectively,  and  the  lines  X3737  and  X3706 
each  as  4.  The  arc  in  air  does  not  give  this  relation  unless  a 
large  amount  of  calcium  is  used,  as  was  probably  done  by  Kay- 
ser and  Runge  in  order  to  have  all  of  the  calcium  lines  appear 
distinctly. 

If  we  now  observe  the  effects  of  various  atmospheres  upon 
the  calcium  spectrum,  we  find  that  the  theory  of  change  of  rela- 
tive intensitv  in  certain  lines  by  increased  vapor  density  is  the 
onlv  one  which  will  harmonize  the  effects  of  change  of  atmos- 
phere with  the  observed  effects  in  air  when  the  amount  of  metal 
consumed  is  changed.  Consider  first  the  effect  of  oxygen. 
Oxygen  greatly  increases  the  consumption  of  metal  in  the  carbon 
arc.  The  carbons  waste  away  rapidly  and  a  large  amount  of 
calcium  oxide  is  formed.  The  arc  is  ver}'  luminous;  the  current 
usually  increases  one  or  two  amperes  from  its  value  with  air 
around  the  arc.  The  effect  on  the  spectrum  is  to  enhance  the 
diffuse  triplets  much  more  than  the  sharp  lines  which  do  not 
belong  to  series.  This  is  especially  noticeable  in  the  case  of  the 
triplets  with  lines  of  greatest  wave-length  at  XX3361,  3487,  3644, 
4099,  4586,  as  compared  with  the  sharp  lines  X\3i59,  3179, 
3706,  3737,  and  the  group  from  X.4283  to  \4319,  which  do  not 
broaden  readily.  The  H  and  K  lines  arc  strengthened,  but  not 
so  much  as  the  ^  line,  the  reversal  of  which  is  widened.  There 
is  no  essential  difference,  however,  between  these  effects  and 
those  given  by  the  arc  in  air  with  a  large  amount  of  calcium 
present.  I  am  not  now  taking  up  the  question  as  to  whether 
oxygen  really  increases  the  absolute  intensity  of  the  calcium  lines. 
That  could  be  tested  only  by  an  arc  formed  between  terminals  of 
metallic  calcium  and  with  a  constant  current.  The  greater 
amount  of  calcium  consumed  by  the  arc  in  an  atmosphere  of 
oxygen  would  account  for  the  general  strengthening. 

The  effect  of  carbon  dioxide  on  the  calcium  spectrum  is  very 
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similar  to  that  of  oxygen,  but  not  so  decided.  It  is  probable 
that  large  quantities  of  carbon  dioxide  are  generated  by  the  use 
of  oxygen  around  the  carbon  arc,  as  the  oxidation  rapidly 
reduces  the  diameter  of  the  carbons. 

Turning  now  to  the  effects  of  some  atmospheres  which  exclude 
o.xygen  to  a  greater  or  less  degree,  we  shall  consider  first  the 
atmosphere  of  pure  nitrogen.  This  was  prepared  from  ammo- 
nium sulphate  and  sodium  nitrite,  and  purified  by  passage 
through  sulphuric  and  pyrogallic  acid.  Its  effect  seems  to  be 
to  prevent  oxidation  without  decreasing  the  vapor  density  to  any 
great  extent.  The  arc  burns  readily  in  nitrogen,  and  the  same 
time  of  exposure  can  be  used  as  with  air  or  oxygen.  The  car- 
bons are  consumed  very  slowly,  and  no  calcium  oxide  is  formed 
if  a  strong  current  of  nitrogen  is  maintained.  Still,  from  the 
read}-  burning  of  the  arc,  it  is  not  probable  that  the  vapor  den- 
sity in  the  arc  is  greatly  different  from  the  conditions  in  air,  and 
it  is  different  from  the  conditions  in  oxygen  chiefly  because  with 
the  latter  gas  more  calcium  is  sujjplied  to  the  arc  in  a  given 
time. 

The  effects  with  nitrogen  are  entirely  in  accordance  with  this 
view.  The  tendency  of  nitrogen  is  to  equalize  the  intensity  of 
the  [)air  and  triplet  considered  above  as  types  of  the  two  sets  of 
lines.  The  vapor  density  is  probably  small,  but  not  smaller  than 
we  can  obtain  in  air  with  a  small  amount  of  calcium  and  a  strong 
current  of  air  pumped  through  the  chamber.  In  some  photo- 
graphs where  a  large  amount  of  calcium  was  used  with  nitrogen 
atmosphere,  the  triplets  were  broadened  and  rendered  diffuse  in 
a  way  often  observed  in  air  and  approaching  the  effect  of  oxygen. 
The  fact  that  this  broadening  is  possible  under  some  circum- 
stances with  a  strong  current  of  nitrogen  around  the  arc  is  very 
much  against  the  theory  that  the  broadening  is  due  to  oxida- 
tion, or  due  in  any  large  degree  to  higher  temperature,  as  we 
should  e.xpect  the  violent  combustion  in  the  o.xygen  atmos[jhere 
to  raise  the  temperature  of  the  arc  as  well  as  that  of  the  elec- 
trodes. 

The  use  of  sodium  vapor  around  the  arc  gives  another  test 
for  the  effect  of  increased  vapor  density  without  oxidation.     A 
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Stream  of  sodium  vapor  passing  up  on  all  sides  of  the  arc  from 
a  cup  of  boiling  sodium  around  the  lower  carbon  would  allow 
but  little  oxidation,  while  it  might  be  expected  to  crowd  the 
calcium  vapor  back  into  the  arc  and  increase  the  vapor  density 
in  the  arc.  The  photographs  taken  under  these  conditions  show 
a  decided  difference  in  effect  upon  the  two  sets  of  lines,  and  the 
difference  increases  as  the  sodium  vapor  becomes  denser.  With 
the  sodium  boiling  vigorously,  the  pairs  remain  sharp  and  show 
little  change  in  intensity,  while  the  triplets  become  broad  and 
diffuse,  and  the  reversal  of  g  is  much  widened.  The  sodium 
vapor  increases  the  conductivity  of  the  arc  so  that  the  current  is 
greater  than  with  air  and  the  electrodes  are  consumed  more  rap- 
idly, a  condition  which  should  lead  to  an  increase  of  vapor  pres- 
sure. An  explanation  may  thus  be  given  for  the  observed  fact 
that  the  effect  of  sodium  vapor  is  much  like  that  of  oxygen, 
though  we  might  ex[)ect  the  opposite. 

Turning  now  to  the  effect  of  ammonia,  we  have  here  a  gas 
which  in  all  probability  reduces  the  vapor  density  in  the  arc. 
As  has  been  observed  by  others,  the  arc  is  very  difficult  to 
maintain  in  ammonia.  When  it  is  burning,  the  current  and  fall 
of  potential  show  little  change  from  the  conditions  in  air,  but 
the  intensity  is  feeble  and  the  arc  is  often  extinguished.  The 
exposure  must  be  from  twelve  to  twenty  times  as  long  as  with 
the  arc  in  air.  With  a  strong  stream  of  ammonia  sweeping 
away  the  gases  formed  in  the  arc  and  the  feeble  action  which  we 
observe,  the  conditions  seem  very  favorable  for  a  minimum  vapor 
density  in  the  arc.  None  of  the  other  atmospheres  I  have  used 
give  such  a  relative  weakening  of  the  lines  belonging  to  Kayser 
and  Runge's  series  as  compared  with  the  pairs  at  ^-3159  and 
\3179,  X3706  and  X3737,  and  the  H  and  K  lines.  The  pairs 
mentioned  are  stronger  than  in  air  in  the  case  of  several  photo- 
grajihs  in  which  the  supply  of  calcium  was  kept  the  same  as  nearly 
as  possible.  The  triplets,  on  the  other  hand,  are  ver)-  decidedly 
weakened,  and  their  lines  rendered  sharper.  The  reversal  of  g 
is  much  narrower  in  ammonia  ;  also  that  of  H  and  K,  when  they 
are  reversed.  The  effect  of  mercury  va])or  around  the  arc  is  to 
diminish  the  trijilels  more  than   the   ]>airs.      The  j,"-  line  shows  a 
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narrower  reversal,  and  the  effects  all  point  toward  a  lower  vapor 
density  than  with  the  arc  in  air.  The  poor  conductivity  of  mer- 
cury vapor  may  account  for  this,  giving  the  effects  observed  to  a 
much  greater  degree  in  the  case  of  ammonia. 

The  use  of  copper  electrodes  with  calcium  filling  gives 
another  means  of  producing  conditions  in  which  the  vapor  den- 
sity is  probably  small.  The  copper  arc  is  of  feeble  intensity,  a 
much  longer  exposure  is  needed  than  with  the  carbon  arc  to 
make  the  lines  equally  strong,  and  then  relative  differences 
appear  in  the  two  sets  of  calcium  lines  much  like  those  observed 
when  mercury  vapor  was  used  around  the  arc.  Comparing  two 
photographs  of  the  calcium  spectrum  between  X3500  and  \4600, 
one  with  carbon  and  the  other  with  copper  electrodes,  with  the 
H  and  K  lines,  as  well  as  the  pair  at  X3737  and  X3706  of  the 
same  intensitv  in  both,  we  observe  a  very  distinct  difference  in 
the  behavior  of  the  other  calcium  lines.  The  several  triplets 
are  much  weaker  in  the  copper  arc,  the  greatest  difference  being 
in  the  diffuse  triplets  with  lines  of  greatest  wave-length  at 
\3644  and  \4512.  The  ^  line  is  narrow  and  not  reversed  m  my 
plates  taken  with  the  copper  arc. 

.STRONTIUM. 

The  spectrum  of  strontium  has  been  studied  by  the  writer 
from  \3000  to  X5000  with  atmospheres  of  air,  oxygen,  carbon 
dioxide,  nitrogen,  ammonia,  and  sodium  vapor.  The  relative 
differences  found  result  in  the  segregation  of  a  group  of  strong 
lines  which  make  up  three  pairs  having  the  same  difference  in 
wave- number,  given  by  Kayser'  as  follows  : 

Vibration- 
A  Difference 

«°5-6o) 8„,., 

4161.95  ) 

^^■5-66) 8„ 

4077.88  \ 

3*75.01- J 8^,, 

3380.89  i 

These  are  homologous  to  the  three  pairs  in  the  calcium  spec- 
trum which  were  observed  to  be  affected   by  surrounding  atmos- 

'  llandbuch  der  Spectroscopie,  2,54'. 
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phere  differently  from  the  lines  belonging  to  Kayser  and 
Runge's  series.  In  the  strontium  spectrum  we  again  find  a  dif- 
ference in  the  effect  upon  these  two  classes  of  lines  ;  but  in  this 
case  it  is  the  sharp  lines  forming  the  pairs  which  are  the  more 
sensitive  to  changes  of  physical  condition. 

A  comparison  of  a  large  number  of  photographs  shows  con- 
clusively that  the  lines  of  these  pairs  are  strengthened  by  atmos- 
pheres of  oxygen,  carbon  dioxide  and  sodium  vapor  to  a  greater 
degree  than  the  remaining  lines  of  the  spectrum,  and  are  corres- 
pondingly weakened  by  atmospheres  of  nitrogen  and  ammonia. 
The  sharp  line  at  \3464.5S  is  acted  upon  in  the  same  way  as  the 
pairs,  but  seems  to  have  no  companion  with  a  similar  behavior. 
The  broad  reversed  line  at  X4607.52  is  not  strengthened  by 
oxygen  to  the  same  degree  as  the  pairs.  In  carbon  dioxide  it  is 
actually  weaker  than  in  air,  while  the  pairs  are  much  stronger, 
and  the  remaining  lines,  including  those  belonging  to  Kayser 
and  Runge's  series,  show  little  difference.  In  ammonia  \4607.52 
sometimes  suffers  a  double  reversal,  making  it  broad  and  hazy. 
The  pairs  are  distinctly  weakened  by  ammonia,  giving  a  general 
effect  opposite  in  character  to  that  of  the  first  three  gases.  The 
.action  of  nitrogen  is  similar  to  that  of  ammonia,  but  not  so  pro- 
nounced, as  the  pure  nitrogen  seems  to  make  but  a  slight  change 
from  the  conditions  of  the  arc  in  air. 

A    NEW    STROXTIUII    TKII'LET. 

In  studying  the  spectrum  of  strontium,  the  writer  has  observed 
that  whenever  the  line  X.4077.88  is  of  considerable  intensity, 
three  faint  lines  appear  close  to  it.  The  wave-lengths  of  these 
three  lines  I  have  measured  as  follows  : 

4087.86 

4071 .22 

4061 .52 

Not  being  able  to  identify  these  with  any  known  metallic 
lines,  I  have  applied  several  tests  to  determine  whether  they 
belong  to  strontium,  to  some  impurity,  or  whether  they  may  be 
"ghosts"  of  X4077.88.  The  last  possibility  was  easily  settled. 
The    three    lines    are    not   at    all    symmetrical    with    respect    to 
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X4077.88,  but  a  decisive  test  was  made  by  comparison  with  the 
prismatic  spectrum.  A  train  of  prisms  was  arranged  which  ga\e 
a  dispersion  almost  equal  to  that  of  the  first-order  grating  spec- 
trum, and  the  three  lines  came  out  quite  as  strongl}-  as  with  the 
grating.  It  is  very  improbable  that  they  are  due  to  metallic 
impurities,  as  thev  are  given  by  "chemically  pure"  preparations 
of  both  the  chloride  and  the  nitrate  of  strontium,  in  a  carbon  arc 
with  very  pure  carbons  made  from  calcined  sugar.  Again,  it  is 
not  likely  that  the  lines  are  the  heads  of  strontium  oxide  bands, 
as  they  are  not  reduced  in  intensity  by  atmospheres  of  nitrogen 
or  ammonia. 

While  mv  measurements  agree  very  closely  with  the  wave- 
lengths of  three  carbon  lines  given  by  Kayser  and  Runge  as 
X\4o87.88,  4071.13,  4061.53,  the  three  lines  first  mentioned  are 
certainly  not  carbon  lines  in  their  normal  condition,  as  they 
stand  out  distinctly  only  when  strontium  is  present. 

Perhaps  the  strongest  evidence  that  the  three  lines  belong  to 
strontium  is  the  fact  that  they  form  a  triplet  having  the  same 
differences  in  wave-number  between  the  component  lines  as  the 
differences  for  four  strontium  triplets  given  b}'  Kayser  and 
Runge.'  These  triplets  do  not  belong  to  a  known  series,  and 
have  their  lines  much  closer  together  than  the  series  triplets. 
The  four  triplets  with  their  \ibration-diffcrenccs   are  as  follows  : 


Vibratlon- 
Dift'erence 


5535-0' 
5504.48 


5486.37  \ 

\   100.4 
^"^■=^J       i  S9.8 


60.0 
') 
5257.1: 
5229.5: 
5213.23 
4892.20  j  .   ^ 

4868.92  \ ] 

4855.27  (  '  ''•' 

4338.00  ,   ^g  3 

"'^■•^9^  58.6 

4308.49  )  ^ 

MM.  Ber/.  Akad.,   1891,  p.  34. 
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The  fifth  member   of  this  group   of   triplets    seems  to  be  the 
three  lines  : 

4087.86  ) 

4071.22^  ......  )  loo-o 

4061  -52  1  '■     58. 6 

The  members  of  these  five  triplets  are  the  more  diffuse  lines 
in  the  strontium  spectrum.  There  is  a  decided  similarity  in 
appearance  between  the  last  two  triplets,  though  the  one  to 
which  I  have  called  attention  is  much  the  weaker. 

MAG.\ESIUM. 

The  writer  has  made  but  few  observations  of  the  spectrum  of 
magnesium,  and  these  have  for  the  most  part  given  negative 
results,  as  far  as  relative  differences  are  concerned.  This  may 
be  due  to  the  fact  that  nearly  all  of  the  prominent  lines  belong 
to  the  triplets  of  the  first  and  second  subseries  of  Kavser  and 
Runge,  and  so  may  be  expected  to  show  the  same  behavior  with 
change  of  physical  conditions.  The  spark  line  X44S1  does  not 
appear  in  my  photographs. 

My  plates  show  a  very  slight  difference  in,  the  behavior  of 
the  triplets  belonging  to  the  first  subseries  in  atmospheres  of 
oxygen  and  nitrogen  from  that  of  the  second  subseries  in  the 
same  atmospheres.  The  triplets  of  the  first  subseries  are  rela- 
tively stronger  in  nitrogen,  those  of  the  second  subseries  in 
oxygen.  This  is  the  case  with  the  triplets  with  lines  of  greatest 
wave-length  at  XX383S,  3097,  2852  of  the  first  subseries  as  com- 
pared with  those  at  X\3337,  2942,  of  the  second.  The  differ- 
ence is  most  noticeable  in  the  case  of  the  verj-  broad  line 
X2852.  The  results  so  far  obtained  do  not  point  to  any  more 
general  conclusions  than  the  similar  behavior  of  lines  belonging 
to  the  same  series. 

I5/\RIUM. 

A  study  of  the  spectrum  of  barium  with  the  arc  in  atmospheres 
of  air,  oxygen,  nitrogen,  carbon  dioxide,  ammonia,  and  the  vapors 
of  copper,  mercury,  and  sodium,  shows  a  number  of  lines  which 
arc  affected  differently  from  the  majority  of  the  barium  lines, 
and  always  affected  in  the  same  way  bv  a  given  gas.     While  no 
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general  series  relation  has  yet  been  found  for  the  barium  lines, 
my  results  serve  to  strengthen  the  evidence  that  certain  lines  are 
related  to  each  other. 

The  opposite  effects  of  oxygen  and  ammonia  upon  a  number 
of  lines  give  a  basis  for  separating  a  certain  group  from  the  main 
body  of  the  spectrum.     These  lines  are  as  follows  : 


5853-91 

4525- 

19 

4934.24 

4166. 

24 

4900. 13 

4130- 

,88 

4700.64 

3906 

.20 

4554.21 

3891 

■97 

A  comparison  of  a  large  number  of  plates  shows  these  lines 
in  ever}-  case  to  be  strengthened  by  oxygen  and  weakened  by 
ammonia  more  than  the  remaining  lines  of  the  spectrum.  Nitro- 
gen produces  scarcely  any  change  from  the  appearance  of  the 
lines  in  air.  A  slight  relative  weakening  sometimes  appears, 
showing  that  the  tendency  of  nitrogen  is  in  the  same  direction 
as  ammonia.  Carbon  dioxide  gives  a  definite  strengthening  of 
these  lines,  comparable  to  that  of  oxygen.  Both  mercury  vapor 
and  sodium  vapor  strengthen  the  lines,  the  effect  of  the  latter 
being  almost  as  pronounced  as  that  of  oxygen.  Copper  termi- 
nals filled  with  barium  salt  also  strengthen  the  lines  as  compared 
with  barium  in  the  carbon  arc.  With  all  these  atmospheres,  the 
most  sensitive  lines  are  those  at  \X4166,  4525,  and  4900.  With 
the  exception  of  \  3906,  the  group  of  lines  given  above  are 
among  the  strongest  in  the  spectrum,  and  are  sharp  with  a  mod- 
erate quantity  of  metal  in  the  arc,  though  they  broaden  and 
reverse  with  a  large  quantity.  They  are,  however,  always  dif- 
ferent in  apjjearance  from  the  broad  diffuse  lines  at  XX4323, 
4325,  4489,  and  4494,  which  are  not  affected  by  change  of 
atmosphere.  This  greater  sensitiveness  of  the  sharper,  more 
prominent  lines  of  barium  is  similar  to  the  effect  of  correspond- 
ing atmospheres  upon  the  strontium  spectrum,  and  unlike  that 
upon  the  calcium  lines.  The  changes  in  the  line  X4525,  as  com- 
pared with  its  more  diffuse  companion   X4523,  are  very  striking. 

Looking  now  at  the  relations  between  these  lines  which  are 
affected   by   surrounding   atmosphere,  we    find    that  almost   the 
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only  definite  regularity  so  far  discovered  in  the  barium  spectrum 
is  the  existence  of  four  pairs  of  lines  with  constant  difference  in 
wave  number,  as  follows  : 

Vibration- 
A  Difference 

6497-07   )  ,fi     ,        . 

„  -  -  -  -  -  -  -  -       1601.05 

5853-91    \ 

4934-24  ]  ,  , 

■     -  - 1 60 1.  1 6 

4554-21  \ 

4900.13  I 

4525-19  1 
4166.24  ) 

.'-------  1691.47 

3S9I-97  \ 

It  will  be  observed  that  all  of  these  lines  occur  in  my  list  of 
sensitive  lines,  except  \6497,  which  is  beyond  the  region  cov- 
ered by  my  photographs.  My  results  for  the  barium  spectrum, 
then,  serve  to  separate  these  lines,  together  with  a  few  others, 
from  the  main  body  of  the  spectrum,  as  forming  a  series  of 
related  pairs,  which  appear  to  be  relatively  strengthened  by 
increased  vapor  density  in  the  arc. 

ZINC. 

My  data  for  the  zinc  spectrum  cover  only  the  region  from 
X3000  to  X4100  with  a  comparison  of  the  effects  of  oxygen  and 
air.  Brass  terminals  were  used  for  the  arc,  so  that  the  stronger 
copper  lines  appear.  My  results  show  a  decided  strengthening 
in  o.xygen  of  the  group  of  lines 

3282.42    3345-13 

3702.62  3345-62 
3303-03    3346.04 

belonging  to  the  first  subserics  of  Kayser  and  Rutige. 
The  lines 

3572.90        3740.12 
3671.71        4019.75 

3683.63  4058.02 

between  which  no  relation  has  been  found,  are  weaker  in  oxygen 
than  in  air.  The  difference  is  not  as  great  as  in  the  case  of  the 
series  group.  This  strengthening  of  the  series  lines  by  oxygen 
is  similar  to  that  observed  with  the  series  lines  of  calcium,  while 
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the  effect  on  the  unrelated  lines  is  like   that   which  \vc  shall   see 
in  the  case  of  the  line  pairs  of  copper. 

COPPER. 

The  spectrum  of  copper  shows  a  large  number  of  relative 
differences  in  intensities  of  lines,  when  different  atmospheres  are 
used  around  the  arc,  the  most  important  changes  being  given  by 
an  atmosphere  of  oxygen.  The  copper  arc  in  oxygen  burns  with 
difficulty  and  frequently  goes  out,  in  decided  contrast  to  the 
behavior  of  the  carbon  arc  in  oxygen.  This  action  may  be  due 
to  the  formation  of  a  non-conducting  coating  of  copper  oxide  on 
the  terminal,  though  it  is  doubtful  if  this  forms  in  the  arc  itself. 
The  oxidation  of  copper  is  not  accompanied  b}^  the  increased 
heat  and  wasting  of  the  electrodes  which  accompanies  the  for- 
mation of  carbon  dioxide  in  the  carbon  arc. 

In  general,  the  more  diffuse  copper  lines  are  most  reduced 
by  oxygen,  the  best  examples  of  this  being  the  pairs  of  wave- 
lengths 

3247.65        3654-60 
3274.06        3688.60 

These  pairs  are  almost  blotted  out  by  a  strong  current  of 
•oxygen.  The  strong  pair  X4023  and  X.4o63  are  weakened  by 
oxygen,  though  not  so  much  as  the  preceding;  while  many  of 
the  sharper  lines  are  quite  unaffected,  notably  those  of  wave- 
lengths : 

3308.10  4378.40 
35Qg.2o    4587-19 

3602.11  4651.31 

The  lines  from  X3100  to  A- 5300  most  reduced  by  oxygen  are 
as  follows : 

3194.17  392540 

3208.32  4015.80 

3247.65  4022.83 

3274.06  4056.80 

3337-95  4062.94 

3384.88  4480.59 

3530.50  4531-04 

3654.60  5'05-75 

3688.60  5153-33 

3825.13  5218.45 
3861.88 
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It  will  be  observed  that  these  twenty-one  lines  include  those 
of  the  pairs  given  by  Kayser'  as  belonging  to  the  first  and 
second  subseries  of  copper  ;  also  the  pair  X401  5.80  and  X4056.80, 
and  the  strong  pair  X3247.65  and  \  3274.06  which  Kayser  thinks 
may  be  a  member  of  the  principal  series  of  copper.  The  lines 
of  these  several  pairs  have  nearly  the  same  difference  in  wave- 
number  (248).  Besides  these  pairs  we  have  a  weakening  b}- 
oxygen  of  the  seven  lines  : 


3'94.97 

3530.50 

3208.32 

3925.40 

3337-95 

5105.75 

3384. 88 

In  addition  to  these  known  relations,  I  have  found  that  a 
number  of  these  lines  affected  in  the  same  way  bv  o.xygen  form 
pairs  with  a  constant  vibration  difference  of  about  3400  as 
follows : 

A  Difference 

3654.60}  3^-'-7 

3274.06) 

3688.60   S  J4J-.3 

3384.88 

it 3400.2 

3825.13) 
3025.40  ) 

^         ^  3405.1 

4531.04  I 

This  gives  an  interesting  relation  between  the  pair  ^3247. 65, 
3274.06  aud  one  of  the  pairs  of  Ka3'ser's  first  subseries.  The 
corresponding  lines  of  these  two  pairs  are  seen  to  have  nearly 
the  same  difference  in  wave-number.  The  two  pairs  of  the 
second  subseries  have  a  line  of  each  pair  related  to  an  outside 
line  by  this  constant  difference;  but  in  one  case  it  is  the  upper 
line  of  the  pair  which  has  an  outside  companion,  and  in  the  other 
case  the  lower  line.  The  connection  indicated  b}'  these  con- 
stant differences  docs  not  apjjcar  to  be  a  simple  one.  It  is 
probably  a  result  of  some  relation  among  the  the  vibrations 
giving  rise  to  this  set  of  lines  which  are  affected  in  the  same 
way  by  change  of    physical  conditions. 

'  Uandbiich  der  Sfeelroscopie,  2,  pp.  530-53 1. 
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The  use  of  nitrogen  gives  effects  but  little  different  from 
those  with  air  around  the  arc,  except  in  the  case  of  the  pair 
X.3247.65  and  \3274.06.  These  are  slightly  weaker  with  nitro- 
gen, and  the  reversal  is  narrower,  while  scarcely  any  change  can 
be  perceived  in  the  other  lines  which  are  weakened  by  oxygen. 

The  effect  of  mercury  vapor  on  the  copper  lines  is  similar  to 
that  of  oxygen,  the  same  lines  being  weakened,  and  to  almost 
the  same  degree,  as  by  a  strong  current  of  oxygen.  The  action 
is  the  same  with  sodium  vapor  around  the  arc,  though  not  so 
pronounced,  only  the  most  sensitive  lines  being  changed. 

Mixtures  of  other  vapors  with  that  of  copper  were  tried  by 
using  brass  electrodes,  giving  strong  zinc  lines  mixed  with  those 
of  copper,  and  by  using  one  copper  and  one  carbon  terminal, 
giving  the  carbon  and  cyanogen  bands.  These  experiments  were 
made  with  the  arc  in  the  open  air.  No  relative  differences  could 
be  detected  in  either  case  by  comparing  the  plates  with  those 
taken  with  copper  terminals. 

Looking  now  to  see  if  changes  in  vapor  density  would  pro- 
duce the  effects  we  observe,  the  first  fact  to  be  noted  is  that  the 
effect  of  oxygen  upon  the  burning  of  the  arc  with  copper  termi- 
nals is  very  different  from  that  when  carbon  electrodes  are  used. 
With  carbon  terminals,  the  arc  burns  with  great  vigor  and  bright- 
ness in  oxygen,  the  carbons  being  rapidly  consumed,  probably 
with  the  formation  of  large  quantities  of  carbon  dioxide.  With 
copper  terminals,  on  the  other  hand,  it  is  difficult  to  maintain 
the  arc  in  oxygen.  Some  copper  oxide  is  formed,  but  no  change 
in  the  flame  is  observed  except  a  weakening.  A  longer  exposure 
is  required  for  the  same  general  intensity  of  the  spectrum,  as 
compared  with  the  arc  in  air.  This  agrees  with  the  observation 
of  Porter,'  who  used  the  rotating  arc  with  electrodes  of  mag- 
nesium, tin,  zinc,  and  iron  in  oxygen,  and  found  the  metallic  lines 
weakened.  This  difference  between  the  carbon  and  metallic  arcs 
must  be  considered  in  questions  of  vapor  density. 

The  conditions  with  oxygen  about  the  carbon  arc  appeared 
favorable  for  greater  vapor  density,  and  its  action  in  intensi- 
fying certain  lines  strengthened  the  hvijothcsis  that   the    change 

^Loc.  cit. 
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was  produced  by  greater  vapor  density.  With  the  copper  arc, 
however,  the  weak  action  in  an  atmosphere  of  oxygen  appears 
favorable  for  a  low  vapor  density  in  the  arc,  and  the  reduction 
of  the  broad  diffuse  lines  by  oxygen  can  be  attributed  to  this 
cause.  Both  mercury  and  sodium  vapors  weaken  the  arc.  The 
action  of  sodium  vapor  is  not  the  same  as  with  the  carbon  arc. 
The  current  remains  the  same  as  with  the  arc  in  air,  so  that  the 
sodium  does  not  appear  to  increase  the  conductivity,  and  the  arc 
burns  with  difificulty,  frequently  going  out.  Nitrogen  might  be 
expected  to  give  little  change  of  vapor  density  from  that  of  air, 
and  it  is  noted  that  only  the  most  sensitive  lines  are  changed  by 
nitrogen,  whose  effect  is  slightly  to  reduce  the  vapor  density,  if^ 
my  hypothesis  is  correct. 

DISCUSSION    OF    RESULTS. 

The  first  general  result  to  be  noted  as  given  by  a  change  of 
atmosphere  around  the  arc  is  the  power  of  the  method  as  a 
means  of  separating  the  lines  of  an  element  into  groups.  The 
several  groups  may  then  be  investigated  with  respect  to  series 
relations  between  the  lines.  It  thus  offers  possibilities  of  finding 
new  relations  between  lines,  especially  in  the  case  of  elements 
having  so  large  a  number  of  lines  that  it  would  be  difificult  to 
obtain  a  starting-point  without  some  means  of  separating  certain 
groups. 

The  magnetic  field  is  a  well-known  means  of  separating  lines 
into  groups,  and  an  interesting  comparison  of  the  two  methods 
is  given  by  comparing  my  results  with  those  given  by  Kayser  in 
his  discussion  of  the  Zeeman  effect.'  From  this  it  will  be  seen 
that  a  number  of  lines  in  the  spectra  of  calcium,  strontium, 
barium,  and  copper,  which  belong  to  certain  types  in  the  classi- 
fication of  Zeeman  phenomena,  are  among  the  lines  which  I  find 
affected  by  a  surrounding  atmosphere  differently  from  the  other 
lines  in  those  spectra. 

The  fact  that  a  certain  atmosphere  may  not  produce  the  same 
effect  on  lines  of  the  same  kind  (sharp  or  diffuse)  in  the  spectra 
of    different   metals,    might    present   a    difficulty.      Especially  is 

'  Hanilbueh  der  Spectroscopic,  2,  671. 
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this  the  case  with  the  behavior  of  calcium  and  strontium  in  the 
carbon  arc.  The  structure  of  these  two  spectra  show  many 
similarities,  yet  the  diffuse  calcium  lines  belonging  to  Kayser 
and  Runge's  series  are  the  more  sensitive  to  change  of  atmos- 
phere; while  in  the  case  of  strontium,  the  strong  lines  not  in 
Kayser  and  Runge's  series  respond  most  readily.  It  is  very 
probable,  however,  that  the  groups  of  strong  lines  actuallv  form 
the  principal  series  in  these  two  spectra,  though  no  numerical 
relation  has  yet  been  found  between  the  lines  except  the  con- 
stant differences.  If  this  is  the  case,  the  state  of  affairs  seems 
to  be  that  a  change  of  atmosphere  produces  the  greatest  differ- 
ence on  the  principal  series  of  strontium  and  on  the  first  subseries 
of  calcium — an  effect  which  might  easily  result  from  the  differ- 
ences between  the  two  metals,  in  spite  of  their  many  similarities. 
The  more  rapid  volatilization  of  the  calcium  salt  in  the  arc  might 
bring  about  a  change  of  condition  sufficient  to  account  for  the 
different  behavior  of  the  two  series. 

In  regard  to  the  probable  action  of  the  surrounding  atmos- 
phere in  bringing  about  the  changes  in  the  spectral  lines,  the 
weight  of  evidence  seems  to  indicate  that  chemical  action  has 
little  or  no  part  in  producing  the  effects,  except  as  it  ma)-  affect 
the  vapor  density  in  the  arc.  The  chief  arguments  against  the 
effect  of  an  atmosphere  of  oxygen  being  due  to  chemical  action 
are  (i)  that  the  use  of  pure  nitrogen  produces  little  change  as 
compared  with  the  arc  in  air,  and  occasionally  its  action  is  in 
the  same  direction  as  that  of  oxygen;  (2)  that  a  cloud  of 
sodium  vapor  around  the  arc  leaves  most  of  the  lines  unchanged, 
and  slightly  enhances  those  of  one  group,  as  has  been  noted  in 
several  cases. 

The  hj-pothcsis  that  seems  best  to  accord  with  my  results  and 
those  of  others  is  that  the  effects  are  to  be  ascribed  to  changes 
in  vapor  density  which  effect  the  vibrations  producing  the  lines 
belonging  to  a  -certain  group  —  vibrations  which  are  probably 
similar  in  general  character,  judging  from  the  behavior  of  the 
resulting  spectral  lines.  This  theory  has  been  kept  in  view 
during  the  discussion  of  the  results,  and  seems  to  be  the  one 
which  best  co-ordinates  the  various  phenomena,   both  as  to  the 
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changes  observed  with  different  atmospheres,  and  those  in  which 
the  supply  of  metal  was  varied  with  the  arc  in  air. 

It  is  possible  that  temperature  changes  may  play  a  large  part 
in  giving  the  effects  we  observe,  as  the  most  distinct  changes  in 
the  spectrum  are  associated  with  conditions  which  probably 
involve  change  of  temperature  in  the  arc.  However,  the  facts 
that  the  carbon  arc  in  oxygen  does  not  give  changes  proportional 
to  its  probable  change  of  temperature,  and  that  these  changes  are 
brought  about  in  some  degree  by  other  conditions  which  should 
not  involve  much  change  of  temperature,  point  to  the  conclusion 
that  temperature  is  not  the  direct  cause  of  the  effects  observed, 
though  it  may  assist  in  bringing  about  the  state  which  is  the  i 
actual  cause.  Temperature  changes  would  be  closely  connected 
with  changes  in  vapor  densitv,  to  which  it  seems  reasonable  to 
attribute  many  of  the  results. 

It  is  the  writer's  opinion  that  not  enough  attention  has  here- 
tofore been  given  to  the  effects  of  changes  in  vapor  density  upon 
the  intensities  of  lines.  Is  it  not  possible  that  density  is  the  deter- 
mining element  for  the  relative  intensities,  as  pressure  seems  to 
be  for  displacements  and  the  use  of  the  magnetic  field  for  polar- 
ization properties?  Any  notions  as  to  the  action  of  change  of 
vapor  density  in  modifying  the  electrical  properties  of  the 
vibrating  particles  must  be  entirely  hypothetical,  but  it  is  easy  to 
conceive  that  such  actions  might  be  selective  in  their  nature, 
resulting  in  a  change  for  only  a  portion  of  the  lines. 

Comparing  my  results  with  some  observations  of  the  spark 
spectrum  which  have  been  published,  we  find  some  striking 
evidences  that  the  use  of  atmospheres  which  apparently  give 
lower  vapor  density  tend  to  make  the  arc  spectrum  similar  to 
that  of  the  spark  discharge.  Sir  William  and  Lady  Huggins  ' 
found  that  when  the  density  of  calcium  vapor  in  a  vacuum  tube 
was  decreased  by  gradually  removing  the  calcium  from  the 
electrodes,  the  H  and  K  lines,  together  with  the  pairs  atXX3737, 
3706,  and  3179,  3159  were  weakened  much  less  rapidly  than  the 
other  lines  and  finally  were  the  only  lines  visible.  These  are 
the  lines  which  I   find    but   slightly    altered   by  changes  in  vapor 

■  AsTROPHYSicAL  Journal,' 6,  77,  1S97. 
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density  in  the  arc.  Similarly,  the  photograph  of  the  spectrum 
of  the  spark  discharge  in  calcium  vapor  given  by  Eder  and 
Valenta'  shows  the  lines  ^-X 3737,  3706,  3179,  3159  to  have  many 
times  the  intensity  of  \\3644,  3630  and  the  other  series  lines  in 
that  region.  This  state  is  approached  by  some  of  my  photo- 
graphs taken  with  the  arc  in  ammonia,  which  appeared  to  give  the 
lowest  vapor  density  of  the  gases  I  have  used.  Again,  the  table 
given  by  Eder  and  Valenta,^  in  which  their  measurements  of  the 
spark  lines  of  copper  are  compared  with  those  of  Kayser  and 
Runge  for  the  arc,  shows  that  if  the  standards  of  intensity 
adopted  by  the  two  pairs  of  observers  are  at  all  alike,  then  most 
of  the  lines  which  I  find  weakened  by  an  atmosphere  of  oxygen 
around  the  copper  arc  are  much  weaker  in  the  spark  spectrum 
than  in  that  of  the  arc. 

If,  as  is  very  probable,  the  vapor  density  in  \-acuum  tubes  and 
in  the  spark  discharge  is  much  less  than  that  in  the  electric  arc, 
we  may  arrive  at  a  simple  explanation  of  the  action  of  hydrogen 
in  intensifying  certain  spark  lines,  as  observed  by  Crew  and 
Porter.  As  the  hydrogen  atmosphere  around  the  metallic  arc 
seems  to  have  much  the  same  action  as  ammonia  in  causing  the 
arc  to  burn  with  difficulty,  probabl\-  reducing  the  vapor  density, 
we  are  led  to  the  idea  that  those  lines  which  appear  strongly  in 
the  spark,  and  faintly  or  not  at  all  in  the  arc,  maybe  lines  whose 
vibrations  require  a  low  vapor  density.  The  action  of  hydrogen 
in  strengthening  such  lines  in  the  arc  would^  then  be  explained 
by  the  reduction  of  the  vapor  density,  thereby  bringing  the  con- 
ditions of  the  arc  to  approach  those  of  the  spark. 

Further  evidence  in  support  of  this  view  is  given  by  the  work 
just  published  by  Hartmann,^  who  finds  X4481,  as  given  by 
the  arc  between  magnesium  terminals,  much  increased  in 
intensity  when  a  current  as  small  as  0.4  ampere  is  used,  the 
arc  being  constantly  interrupted,  with  only  a  slight  heating  of 
the  terminals  and  little  vaporization  —  conditions  which  should 
give  a  low  vapor  density.     The  results  show  a  similarity  to  the 

■  Denkschrifun  der  K.  Akademie  der  Wissenschaften  ztt  Wien,  68,  534,  igoo. 

» Ibid.,  63,  189,  1896. 
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spark  spectrum  and  to  the  effects  given  by  the  arc  when  sur- 
rounded bv  atmospheres  which  should  give  low  vapor  density. 

My  results,  then,  considered  in  connection  with  those  of 
others,  show  a  definite  selective  action  in  the  effects  of  sur- 
rounding atmospheres  on  spectral  lines  —  an  effect  evidently 
connected  with  the  series  relations  of  the  element.  All  of  the 
results  point  to  a  change  of  vapor  densit}-  in  the  arc  as  the 
direct  cause  of  the  effects  observed.  The  tendency  of  a  low 
vapor  density  seems  to  be  to  make  the  arc  spectrum  more  like 
that  of  the  spark. 

In  conclusion,  I  wish  to  express  my  thanks  to  Professors 
Slate  and  Lewis  for  constant  interest  in  the  work  and  many 
helpful  suggestions. 

University  of  California, 
Berkeley,  May  IQ03. 


ON  THE  SPECTRUM  OF  THE  SPONTANEOUS  LUMI- 
NOUS RADIATION  OF  RADIUM  AT  ORDINARY 
TEMPERATURES.' 

By  Sir  W  i  i.  i.  i  a  m  H  u  g  g  i  n  s  and  Lady  H  u  g  g  i  n  s. 

The  discovery  of  an  element  possessing  such  remarkable  and 
novel  properties  as  radium,  which  in  its  separate  and  distinct  form 
as  a  new  chemical  element  we  owe  to  the  researches  of  Professor 
and  M""^  Curie,  has  already  thrown  many  beams  of  suggestive 
light  into  the  very  obscure  regions  of  the  constitution  of  matter. 
In  radium  we  have  a  body  which  appears  to  be  spontaneously 
and  without  ceasing  giving  off  energy  in  several  forms.  Accord- 
ing to  Professor  Rutherford, ="  following  upon  the  work  of  Bec- 
querel,  M.  and  M"'  Curie,  and  others,  the  emanations  going  off 
from  radium  are  at  least  of  three  kinds:  first,  an  emanation  of 
heavy  corpuscles,  larger  in  mass  than  the  hydrogen  atom,  mov- 
ing with  a  high  velocity,  and  carrying  a  positive  charge  ;  secondly, 
of  negatively  charged  electrons  which  form  a  powerful  and  pene- 
trating cathode  emanation; 3  and,  further,  of  a  radio-activity 
which  diffuses  from  the  radium  as  if  gaseous  in  its  nature.  In 
addition,  M.  and  M"""  Curie  have  found  that  radium  spon- 
taneously maintains  a  temperature  about  1^50  C.  above  the  sur- 
rounding temperature,  and  therefore  emits  heat  radiations  of 
wave-lengths  falling  within  the  infra-red  part  of  the  spectrum. 

Now,  in  addition  to  these  forms  of  radiant  energy,  the  glow- 
ing of  radium  in  the  dark  shows  that  it  emits  a  luminous  radiation 

■  From  advance  proofs  of  an  article  to  appear  in  the  Proceedings  of  the  Royal 
Society. 

'Phil.  Mag.,  (6)  5,  445,  561,  1903. 
.  3  As  an  illustration  of  the  penetrative  power  of  the  radio-active  effects  of  pure 
radium  bromide,  the  following  experience  may  be  recorded  here.  About  I  centigram 
of  radium  bromide  (Buchler  &  Co.,  Brunswick)  had  been  placed  in  an  upper  drawer 
of  my  writing  table,  while  in  a  lower  cupboard  of  the  same  table  was  a  store  of  jjhoto- 
graphic  plates.  After  a  week  or  two,  all  the  plates,  in  boxes  lying  upon  each  other 
three  or  four  deep,  were  found  to  be  as  completely  fogged  as  if  they  had  been  exposed 
to  light. 
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spontaneously  at  ordinary  temperatures.  It  appeared  to  us 
probable  that  in  this  glow  we  had  not  to  do  with  either  phos- 
phorescence or  fluorescence  as  usually  understood,  but  with  an 
independent  and  continuous  radiation  set  up  by  those  more  active 
molecules  which  are  supposed,  in  consequence  of  a  condition  of 
internal  instability,  to  be  the  source  of  all  the  phenomena  of 
radio-activitv,  and  which  can  scarcely  fail  themselves  to  be 
violently  agitated,  in  connection  with  disruptive  molecular 
changes  —  especially  the  flinging  off  of  the  heavy  corpuscles  — 
during  which,  part  of  the  energy  stored  up  within  the  molecule 
is  liberated  in  the  kinetic  form. 

Taking  this  view  of  the  luminous  radiations  visible  to  the  eye, 
it  seemed  highly  probable  that  the  molecular  motions  by  which 
they  were  set  up,  whether  we  suppose  all  the  radium  molecules 
alike  to  be  concerned,  or  those  only  which  are  in  active  change, 
would  be  so  far  analogous  to  the  vibrations  produced  artificially, 
when  radium  vapor  is  rendered  luminous  in  a  flame,  or  by  the 
blow  of  an  electric  discharge,  as,  in  like  manner,  to  set  up  radi- 
ations of  certain  definite  wave-lengths  or,  in  other  words,  to 
furnish  a  spectrum  of  bright  lines. 

A  preliminary  prismatic  examination  of  the  glow  from  pure 
radium  bromide  was  attempted  by  eve.  In  consequence  of  the 
feebleness  of  the  light  under  dispersion  a  slit  spectroscope  could 
not  be  used.  A  thin  fragment  of  some  length  of  radium  was 
selected,  which  in  the  dark  shone  as  a  narrow  line  of  light ;  when 
this  was  viewed  through  a  direct-vision  prism,  it  was  seen  to  be 
dispersed  into  a  spectrum  which  extended  from  the  blue  down 
to  about  D,  where  it  became  too  faint  to  be  traced  farther  in  the 
direction  of  the  red.  Within  this  faint  spectrum  certain  spots 
were  distinctly  brighter,  due,  in  all  probability,  to  the  presence 
of  bright  lines  at  those  positions  in  the  spectrum. 

The  success  of  this  preliminary  observation  encouraged  us  to 
hojje  that  it  might  be  possible  by  availing  ourselves  of  the 
accumulative  power  of  continuous  photographic  exposure,  to 
obtain  a  record  of  the  blue,  violet,  and  ultra-violet  regions  of  the 
spectrum,  if  the  glow  radiations  extended  so  far. 

We  made  use  of  a  small  quartz  spectroscope  wiiich  had  been 


ON  THE  SPECTRUM  OF  RADIUM  153 

constructed  some  years  ago  for  very  faint  celestial  objects.  It 
consists  of  a  compound  quartz  prism  of  60°,  consisting  of  two 
prisms  of  30°  of  right-handed  and  left-handed  quartz  respectively. 
The  quartz  lenses  are  of  short  focus  and  of  large  angular  aper- 
ture, being  about  /=^.  The  focal  length  of  the  lenses  is  5^ 
inches;  they  are  plano-convex,  the  marginal  parts  of  the  convex 
surfaces  being  "figured"  to  diminish  spherical  aberration. 

The  solid  radium  bromide  was  placed  at  about  a  millimeter 
distance  in  front  of  the  slit,  which  had  to  be  wider  than  if  a  bright 
object  was  being  photographed  ;  the  width  was  about  ^^-J-g^  inch. 
In  the  case  of  the  spark  spectrum  of  radium  and  the  comparison 
spectrum  of  nitrogen,  a  slit  of  less  than  half  this  width  was  used. 

With  the  exposure  of  twenty-four  hours,  faint  traces  of  two 
lines  were  seen  on  the  plate.  After  several  trials  the  negative 
reproduced  on  the  accompanying  plate  was  obtained  with  an 
exposure  of  seventy-two  hours.  The  reproduction  is  enlarged 
two  and  a  halt  times.  The  spectrum  consists  of  eight  bright  lines, 
and  at  least  eight  faint  lines,  together  with  a  faint  trace  of  con- 
tinuous spectrum  in  the  blue  region,  which  does  not  come  out 
in  the  reproduction. 

In  consequence  of  the  wide  slit  and  the  small  scale  of  the  spec- 
trum, it  is  not  possible  to  measure  with  certainty  to  the  fourth 
figure,  but  the  probable  error  is,  we  think,  not  greater  than  two 
units  in  the  fourth  place. 

It  was  seen  at  once  that  the  two  very  strong  characteristic 
rays  of  the  spark  spectrum  of  radium,  in  this  part  of  the  spec- 
trum, namely,  \  3814. 5  and  3649.6'  were  not  present  on  the  plate. 
It  was  clear  that  the  spectrum  was  not  of  the  radium  molecule 
when  excited  by  the  electric  discharge.  It  was  indeed  not 
improbable  that  if  the  radiation  came  alone  from  the  most  active 
molecules,  which  were  suffering  loss  by  material  emanations, 
then,  if  we  may  accept  the  analogy  from  sound,  like  a  filed 
tuning-fork  they  would  no  longer  give  radiations  of  the  same 
wave-lengths  as  before. 

■  Kor  spark  spectrum  of  radium,  see  DemaR(;ay,  Comptes  Rendus,  129.  7S6,  and 
131.  258;  Exner  and  Haschek,  VVien.  Akad.  Sizbir.,  110,  July  IQOI ;  Kunge,  Astro- 
PlIVSICAL  JOIRNAL,  12,  I. 
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On  comparing  the  new  spectrum  with  the  band  spectrum  of 
nitrogen,  seven  of  the  strongest  lines  were  found  to  agree,  not 
only  in  position,  but  also  in  intensity,  and  in  character  with  those 
of  the  three  nitrogen  bands  in  this  part  of  the  spectrum. 

The  positions  of  the  three  bands  are,  according  to  Ames,' 
^3576-85,  3371-2  and  3158.Q. 

Indications  of  other  lines,  besides  those  which  can  be  seen  in 
the  reproduction,  can  be  faintly  glimpsed  on  the  negative. 
There  seems  little  doubt  that  with  a  longer  photographic  exposure 
a  more  complete  spectrum  will  be  obtained.  We  have  now 
secured  some  radium  bromide  prepared  by  the  Societe  Centrale 
de  Produits  Chimiques,  and  it  is  our  intention  to  take  photographs 
of  this  salt  as  well  as  photographs  of  the  German  salt  with 
longer  exposures.  It  may  then  be  that  indications  of  helium, 
and  possibly  of  radium  itself,   may  be  forthcoming. 

Nearly  the  whole  of  the  ultra-violet  radiations  appear  to  come 
from  nitrogen,  and  we  think  it  best  to  refrain  from  any  discussion 
at  this  moment.  Have  we  to  do  with  occluded  or  with  atmospheric 
nitrogen?  The  remarkable  fact  should  be  pointed  out  that  in 
radium  we  have  a  body  which  at  the  ordinary  teinperature  sets 
up  radiations  which  aresimilarto  those  which  have  hitherto  only 
been  obtained  in  connection  with  the  electric  discharge. 

Description  of  the  plate.- — At  the  top  is  placed  a  scale  of 
approximate  wave-lengths.  Immediately  below  is  a  reproduc- 
tion, enlarged  two  and  a  half  times,  of  the  spectrum  obtained 
from  the  radium  bromide  with  an  exposure  of  seventy-two  hours. 
As  has  been  already  explained,  this  has  been  shifted  to  bring  the 
lines  into  position  with  those  of  nitrogen  photographed  from  a 
vacuum  tube.  The  identity  of  the  two  spectra  seems  complete. 
The  third  band  is  faint  in  the  nitrogen  spectrum  on  account  of 
the  absorption  of  the  glass  of  the  tube. 

Below  is  a  spark  spectrum  of  radium  bromide  from  the 
Societe  Centrale  de  Produits  Chimiques.  The  H  and  K  lines  of 
calcium  are  present,  as  well  as  faintly  some  of  the  stronger  lines 
of  barium.     The  characteristic  lines  of  radium  at   X3S  14.59  and 

^ Phil.  Mag.,  (5)  30,  57,  i8qo.  See  also  Desi.andres,  Comptes  Rendus,  loi, 
1256;  and  Percival  Lewis,  Astroi'Hysical  Journal,  12,  8. 
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3649.7  come  out  strongly,  as  well  as  the  strong  line  recorded  by 
Demar(;ay  at  X 4340.6.  A  strong  line  about  X27 10  was  placed  by 
Berndt'  at  \2708.6.  The  strong  line  a  little  beyond,  about  \28 14 
is  due  to  radium.  We  do  not  recognize  several  lines  recorded 
by  Exner  and  Haschek^  in  this  part  of  the  spectrum. 

■  Phys.  Ziitschr.,  2,  No.  12  (1900-1). 
'Silzi.  Ak.  IViss.  Wien.,  no,  July  4,  1901. 


Reviews. 

Problems  in  Astrophysics.      By   Miss  A.   M.   Clerke.      London  : 
A.  &  C.  Black,  1903. 

It  is  not  possible  to  separate  entirely  the  child  Astroph3-sics  from 
the  parent  Astronomy.  The  two  are  mutually  dependent  in  much 
of  their  instrumental  equipment  and  in  many  of  their  methods,  and 
their  results  are  often  intimately  related.  Radial-velocity  determina- 
tions, for  example,  are  based  largely  upon  astrophysical  methods,  but 
the  direct  results  are  mostly  astroraetrical.  However,  the  newer  term 
serves  an  exceedingly  useful  purpose,  and  has  become  permanently 
fixed  in  our  literature.  In  general,  we  may  say  that  the  older  astron- 
omy is  concerned  with  the  determination  of  the  structure  of  the  sidereal 
universe ;  with  the  arrangement  of  the  sidereal  units  in  space,  and 
with  their  motions  and  relations  in  accordance  with  Newton's  law  of 
gravitation.  Astrophysics,  on  the  contrary,  is  interested  in  determin- 
ing what  the  stars  really  are,  and  what  the  history  of  their  develop- 
ment has  been. 

The  beginning  of  astrophysical  inquiry  is  old,  but  until  the  last 
half-century  its  results  were  surprisingly  few.  Theories  of  planetary 
evolution  by  Kant  and  Laplace,  the  observations  and  wonderfully 
sagacious  deductions  of  the  elder  Herschel,  and  studies  of  planetary 
conditions  and  of  Sun-spots,  constituted  the  main  body  of  the  science 
up  to  1859.  But  the  spirit  of  inquiry  as  to  the  nature  and  history  of 
the  heavenly  bodies  was  latent  in  many  quarters;  and  Kirchhoff's  super- 
latively important  discovery  that  "the  light  which  reveals  to  us  the 
existence  of  the  heavenly  bodies  also  bears  the  secret  of  their  constitu- 
tion and  physical  condition,"  opened  a  gateway  to  Comte's  forbidden 
field  which  many  were  ready  to  enter.  The  pioneer  work  of  Secchi, 
Huggins,  Vogel,  Young,  and  their  colleagues  in  the  next  quarter- 
century  was  very  fruitful.  Their  results,  originally  scattered  through 
the  journals,  were  collected  and  systematized  by  Roscoe,  Schellen, 
Kayser,  and  later  by  Scheiner  and  Gierke;'  but  the  speed  of  develop- 
ment in  the  past  fifteen  years  has  been  such  that  astrophysical  litera- 
ture is  again  widely  scattered.    This  statement  will  not,  I  trust,  be  con- 

■  Miss  Clerke,   Tlie  System  of  ttie  Stars,  1890. 
15b 
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strued  into  an  overlooking  of  the  colossal  work  on  general  spectroscopy 
now  issuing  from  the  able  pen  of  Professor  Kayser.  A  historical  and 
critical  survey  of  astrophysics  is  greatly  needed,  and  the  appearance  of 
Miss  Gierke's  volume  could  scarcely  have  been  better  timed. 

The  author's  intention,  as  announced  in  the  preface,  "is  not  so 
much  to  instruct  as  to  suggest.  It  represents  a  sort  of  reconnaissance, 
and  embodies  the  information  collected  by  scouts  and  skirmishers 
regarding  practicable  lines  of  advance  and  accessible  points  of  attack. 
....  Before  attempting  to  add  to  our  store  of  learning,  we  must 
realize  what  is  already  possessed."  This  statement  of  purpose  has 
been  consistently  adhered  to.  Bv  way  of  suggestions  for  future  lines 
of  research  this  book  is  the  richest  one  known  to  me. 

The  physical  study  of  the  Sun  forms  the  basis  of  astropbysical 
research  more  fully  perhaps  than  astronomers  themselves  have  realized. 
It  is  the  only  star  near  enough  to  be  studied  in  some  geometrical 
detail,  all  other  stars  giving  integrated  images  which  practically  are 
mathematical  points.  It  is  likewise  the  only  star  bright  enough  to 
supply  satisfactory  metrical  standards  demanded  in  the  study  of  other 
stars.  Miss  Gierke  devotes  the  first  third  of  the  volume  to  a  treatment 
of  the  Sun.  After  outlining  "The  Progress  of  Solar  Physics,"  there  are 
chapters  on  "The  Gheinistry  of  the  Sun,"  "The  Reversing  Layer," 
"The  Photosphere,"  "The  Sun  spots,"  "The  Facula:  and  Promi- 
nences," "The  Chromosphere, Fhe  Gorona,"  "The  Sun's  Rotation," 

"The  Solar  Cycle,"  and  "The  Sun  as  a  Whole." 

The  difficulties  of  solar  study,  in  spite  of  comparative  nearness  and 
intense  brightness,  are  very  great.  It  is  not  generally  appreciated  that 
we  are  unable  to  study  the  body  of  the  Sun,  except  by  very  indirect 
methods.  Its  interior  is  invisible;  the  photospheric  veil  hides  it  com- 
pletely from  view.  The  photosphere,  chromosphere,  prominences, 
corona,  etc. —  the  only  portions  accessible  for  direct  observation — are 
an  insignificant  part  of  its  mass.  They  are  literally  the  Sun's  outcasts. 
Our  knowledge  of  the  Sun  as  a  whole  is  based  almost  entirely  upon  a 
study  of  these  outcasts.  We  might  hope  to  reach  safe  conclusions  as 
to  the  characteristics  of  a  hermit  nation  by  making  a  careful  study  of  its 
banished  subjects,  provided  the  observed  types  correspond  with  types 
produced  by  our  own  civilization;  but  if  new  types,  new  customs,  new 
forms,  presented  themselves  on  a  stupendous  scale,  and  were  observable 
only  at  long  range,  our  conclusions  as  to  the  country  from  which  they 
were  expelled  should  come  slowly  and  uncertainly.  It  is  difficult  to 
say  what   the  chromosphere   is.      To  determine  what  the   conditions 
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within  ttie  bodv  of  the  San  n)u^t  be  in  order  to  create  and  maintain 
such  an  outcast  shell  is  far  more  difficult. 

Again,  the  ordinarv  photographic  or  visual  image  of  the  Sun  is  an 
integrated  one.  .\  coronal  photograph  secured  at  a  total  eclipse  is  the 
result  of  a  projection  upon  and  into  one  plane,  at  right  angles  to  the 
line  of  sight,  of  all  that  remains  of  the  Sun  after  subtracting  the 
(approximate)  cylinder  of  matter  hidden  by  the  Moon.  The  tops  of 
some  coronal  streamers,  the  intermediate  portions  of  others,  the  bases 
of  those  near  the  limb,  the  corresponding  parts  of  prominences  and 
chromosphere,  are  all  projected  into  one  point,  illuminated  in  part  by 
reflected  and  in  part  by  inherent  light.  Whether  every  man  who  has 
gone  forth  to  solve  the  riddle  of  the  corona  has  fully  realized  the 
odds   against   success  is   doubtful. 

Imperfections  in  atmospheric  conditions  are  perhaps  more  liable  to 
introduce  uncertainties  in  solar  observations  than  in  any  other  class. 
Whether  Janssen's  reseau  photospherique  phenomena  are  of  solar  or  ter- 
restrial origin  is  still  uncertain,  as  Miss  Gierke  states  on  p.  17,  but 
Hale's  recent  results  with  the  spectroheliograph,  in  which  the  image  is 
built  up  from  one  limb  to  the  opposite  limb  in  some  two  or  three  min- 
utes, confirm  the  pretty  general  belief  that  the  effect  is  purely  terres- 
trial. 

The  impossibility  at  present  of  reproducing  solar  phenomena  in 
our  laboratories  is  recognized  as  our  most  severe  limitation.  There  is 
scarcely  one  result  to  be  obtained  by  interpolation  :  e.'ctrapolation  is 
demanded  everywhere,  and  at  great  distances  beyond  the  range  of 
observed  points  in  the  curves.  Such  decided  extensions  of  our 
resources  as  the  electric  furnace  provides  seem  at  best  but  beginnings 
toward  what  is  required.  And,  as  Miss  Gierke  repeatedly  points  out, 
our  knowh-dge  of  the  effect  of  the  presence  of  one  vapor  upon  the 
spectrum  of  another  vapor  is  almost  wholly  wanting.  Evidence  is  not 
lacking,  iiowever,  that  such  effects  must  be  both  common  and  potent. 

There  can  be  no  doubt  that  the  Sun  is  a  very  tempestuous  body. 
It  is  probable  that  convection  currents  are  on  a  scale  so  great  and  have 
at  times  a  speed  so  high  that  we  have  difficulty  in  adequately  realizing 
their  immensity.  I  fear,  therefore,  that  Miss  Gierke's  division  of  the 
solar  outcasts  into  "several  distinct  envelopes  "  overlying  the  photo- 
sphere (p.  16)  —  reversing  layer,  chromosphere,  corona,  etc.  —  is  some- 
what too  definite,  even  with  her  qualifying  remark  that  none  of  them 
is  "apparently  in  a  condition  of  atmospheric  equilibrium."  Our  direct 
evidence  of  disturbance  in   the  photosphere  is  limited  largely  to  the 
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visible  spots,  but  the  faculse  and  prominences  are  almost  certainly  tiie 
results  of  disturbances  generally  invisible.  In  this.connection  it  would 
be  well,  I  think,  to  modify  the  statement  on  p.  74,  "but  faculse  exist 
abundantly  where  there  are  no  spots,"  to  read  where  there  are  no  visi- 
ble spots.  Facula:  accompany  very  small  spots  as  well  as  large  ones. 
It  is  natural  that  there  should  be  countless  invisible  spots,  and  that 
they  as  well  as  the  large  ones  should  be  surrounded  by  faculse.  Spots 
one  second  of  arc  (650  kilometers)  in  diameter  could  easily  escape 
notice.  There  is  little  doubt  that  the  coronal  streamers  springing  from 
every  part  of  the  sphere  are  produced  in  some  way  by  powerful  but 
invisible  disturbances  in  all  parts  of  the  surface.  There  is  certainly  a 
close  relation  between  spots  and  faculae,  and  the  latter  are  not  confined 
to  the  spot  zones;  between  chromosphere  and  prominences;  and 
between  prominences  and  at  least  the  inner  part  of  the  corona.  The 
tremendous  cone  of  disturbance  in  the  corona  of  1901  (Sumatra)  and 
in  its  apparent  situation  immediately  above  the  large,  and  only  Sun- 
spot  visible  near  that  date,  discovered  by  Perrine'-—  perhaps  inadver- 
tently not  mentioned  in  Problems  in  Astrophysics  —  is  also  very  signifi- 
cant. Not  to  dwell  on  the  details  longer,  it  seems  to  me  that  the 
strata  above  the  photosphere  must  be  highly  confused,  though  there  is 
no  doubt  that  the  order  of  elevation  generally  assigned  to  the  revers- 
ing layer,  chromospheie,  etc.,  is  correct.  If  the  zeal  displayed  by  a 
successful  comet  hunter  were  devoted  to  searching  for  changes  in  the 
solar  spectrum,  rich  rewards  could  reasonabl)'  be  expected. 

These  statements  are  not  opposed  to  the  fact  that  progress  must  be 
made  by  differentiating  and  isolating  various  kinds  of  phenomena  ; 
and  those  instruments  and  methods  which  have  this  power  most  mark- 
edly are  the  most  promising.  The  spectrographic  method  of  differ- 
entiating, including  the  line-displacement  principle,  has  had  no  equal  ; 
and  the  extension  of  it  by  the  two-slit  spectroheliograph  has  been  a 
real  advance.  Much  can  reasonably  be  expected  from  Hale's  improved 
form  of  this  instrument. 

The  value  of  a  solar  eclipse  as  a  partial  differentiator,  through  the 
elimination  of  photospheric  light,  should  not  be  overlooked.  Surprising, 
indeed,  is  the  impetus  given  to  solar  study  by  eclipse  observations. 
Our  knowledge  of  the  existence  of  the  reversing  layer,  the  chromo- 
sphere, the  prominences,  and  the  corona,  is  an  eclipse  product ;  and 
so  are  many  of  our  present  everyday  methods  of  studying  them.    The 

'Lick  Observatory  Bulletin  No.  18,  and  Clerke's  History  of  Astronomy,  4th  ed., 
p.  190. 
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richness  of  eclipse  results,  considering  the  remarkably  short  intervals 
available  for  observation,  is  unique  in  science.  Nor  are  eclipse  prob- 
lems all  solved  ;  every  such  event  brings  its  returns.  Whether  the 
reversing  layer  and  chromosphere  can  ever  be  studied  equally  well 
without  an  eclipse  is  a  question.  They  probably  cannot,  by  means 
now  available,  but  Hale's  observation  of  carbon  bright  lines  near  the 
photosphere  shows  clearly  that  the  effort  should  be  made.  Limitations 
in  quality  may  be  more  than  balanced  by  continuity  and  timeliness. 
The  reviewer  agrees  with  Miss  Gierke  (p.  135)  that  "the  prospect  is 
dim  of  realizing  "  success  in  observing  the  corona  without  an  eclipse, 
at  least  along  the  lines  of  attack  thus  far  attempted.  Any  chance  for 
even  moderate  success  would  seem  to  be  limited  to  the  gaseous  inner 
portion,  and  a  daily  record  of  this  would  no  doubt  be  extremely  valu- 
able, but  the  real  problem  of  the  corona  would  remain  unsolved. 

Miss  Gierke  refers  to  the  possibility  that  electrical  or  magnetic 
forces  are  playing  prominent  parts  in  solar  and  stellar  phenomena  ; 
and  while  positive  evidence  of  their  action  has  not  yet  been  recog- 
nized, the  idea  is  a  valuable  one,  and  observers  would  do  well  to  apply 
tests  for  Zeeman  and  other  effects  whenever  opportunity  offers.  In 
this  connection,  I  have  been  more  than  surprised  to  find  no  mention 
of  Arrhenius's  theory  of  light-  and  heat-pressure  effects  in  the  pro- 
duction of  the  more  extended  solar  phenomena.  Nichols's  proof  that 
theory  is  in  agreement  with  observation  on  this  question  requires  us  to 
consider  whether  such  forces  at  the  Sun's  surface  may  not  be  sufficient 
to  create  observable  movements  of  finely  divided  matter  existing  at 
photospheric  temperatures.  Is  it  not  possible  that  the  resultant  of 
gravity  and  light-  and  heat-pressures  is  small  for  very  minute  particles, 
and  that  herein  lies  the  explanation  of  the  hypothetical  principle  of 
"  levity"  referred  to  bv  the  author,  on  p.  51  and  elsewhere  ? 

The  salient  points  in  solar  progress  have  received  masterful  treat- 
ment from  Miss  Gierke.  Especially  well  is  attention  called  to  the  gaps 
in  our  knowledge.  Many  of  them  could  be  filled,  at  least  in  part,  by  the 
energetic  use  of  apparatus  now  in  existing  observatories,  while  others 
demand  new  and  expensive  equipments,  with  am])le  provision  for  their 
systematic  application.  The  Sun  as  the  great  exemplar  of  our  science 
is  receiving  but  scant  attention. 

Part  II,  375  pages  on  "Sidereal  Physics,"  is  a  very  able  presenta- 
tion of  facts  and  theories  for  all  known  types  of  stars,  and  for  nebulae. 
It  is  not  so  systematic  as  the  author's  treatment  of  "  Solar  Physics," 
but  the  nature  of  the  subject,  and  the  scattered  character  of  observed 
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facts,  forbid.  There  are  chapters  on  all  the  principal  spectrum  types, 
on  all  the  types  of  variable  stars,  on  all  known  classes  of  nebulaj,  on 
the  spectra  of  double  stars,  on  spectroscopic  binaries,  new  stars,  dark 
stars,  and  the  Milky  Way,  etc.  ;  forty-one  chapters,  each  rich  with  the 
most  salient  facts  of  observation,  with  theories  very  wisely  and  con- 
servatively discussed,  and  with  constant  suggestion  as  to  points  most  in 
need  of  strengthening  by  observation.  The  impossibility  of  doing 
justice  to  so  extensive  a  work  in  a  brief  review  will  be  evident  to  all. 

The  field  of  stellar  and  nebular  investigation  has  its  own  difficulties. 
The  quantity  of  light  received  from  a  star  or  nebula  is  really  very 
minute;  a  stellar  spectrum  is  an  integrated  result,  for  photosphere, 
reversing  layer,  chromosphere,  prominences,  and  corona — all  fall  in 
one  small  point,  as  viewed  from  the  Earth;  the  distances,  diameters, 
and  in  nearly  all  cases  the  masses,  are  unknown,  leaving  us  without 
basis  for  correlating  masses,  quantity,  and  intensity  of  light:  the 
amount  of  measurement  accurate  according  to  today's  standard  is 
small ;  little  effort  has  been  devoted  to  the  ultra-violet  region,  so 
important  from  temperature  considerations;  and  laboratory  accom- 
paniments are  but  just  beginning  on  a  requisite  scale.  Nevertheless, 
the  mass  of  solid  fact  brought  within  the  realm  of  knowledge  in  the 
past  forty  years  is  exceedingly  encouraging. 

The  foundation  of  ever)'  philosophic  treatise  on  the  stars  must  rest, 
so  far  as  information  now  avaible  is  concerned,  upon  a  classification  of 
stars  according  to  spectral  types,  preferably  in  the  order  of  their  sup- 
posed evolution  from  nebute  to  dark  stars.  Miss  Gierke  treats 
nebulae  last  of  all.  This  is  not  the  order  of  nature,  but  the  plan  has 
its  advantages,  principally  because  we  know  too  little  about  the  nebulae 
and  their  processes  of  transition  to  stellar  states.  The  astrophysical 
treatise  of  the  future  will  probably  begin  with  the  nebute — or  perhaps 
with  the  origin  of  the  nebulte!  Miss  Gierke  assigns  all  stellar  spectra 
to  eight  classes  :  four  showing  absorption  spectra  only,  and  four  marked 
by  both  absorption  and  emission  spectra.  The  first  five  classes  are:  1, 
helium  stars,  brilliantly  white,  hydrogen  and  helium  absorption  pre- 
dominating, the  Orion  and  Pleiades  stars  as  illustrations;  II,  hydrogen 
stars,  with  intense  hydrogen  absorption,  feeble  and  thin  calcium  H 
and  K,  feeble  iron  lines,  with  Vega  and  Sirius  as  examples;  III,  solar 
stars,  with  innumerable  metallic  lines,  the  lower  hydrogen  lines, 
and  broad  and  heavy  H  and  K,  with  the  Sun  and  Arcturus  as  types; 
IV,  stars  with  fluted  spectra,  containing  a  great  number  of  fine  dark 
lines,  with  superposed  heavy  absorption  flutings  whose  heads  are  toward 
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the  violet,  a  Orioiiis  and  a  Herculis  as  illustrations ;  V,  carbon  stars, 
with  innumerable  dark  lines,  very  feeble  in  violet,  strong  carbon 
absorption  flutings  and  many  apparent  bright  lines,  19  Piscium  being 
typical. 

This  scheme  of  classification  differs  very  little  from  Secchi's  four- 
type  system.  Classes  I  and  II  are  subdivisions  of  Secchi's  Type  I. 
Class  III  is  Secchi's  II,  and  IV  and  V  are  Secchi's  III  and  IV.  It  is 
in  effect,  also,  a  condensation  of  Miss  Maury's  system  of  more  than 
twenty  groups.  It  is  of  course  understood  by  all  readers  that  any  such 
scheme  of  classification  will  divide  the  stellar  spectra  into  compart- 
ments only  very  imperfectly  :  there  will  be  many  spectra  on  the  border 
lines  between  classes,  especially  in  Classes  I,  II,  and  III.  Classes  IV 
and  V  have  more  individuality  than  the  others. 

Secchi's  classification  has  been  a  most  fortunate  and  useful  one. 
For  general  purposes  it  is  satisfactory  even  today,  when  the  observa- 
tional data  are  almost  incomparably  more  nuaierous  and  accurate  than 
when  Secchi  formed  it ;  and  I  doubt  whether  the  time  has  come  to 
replace  it  with  another.  The  Harvard  system  is  very  useful,  and  per- 
fectly justifiable,  as  an  expression  of  the  results  of  systematic  exami- 
nation and  study  of  a  great  number  of  spectra.  But  its  general 
adoption  in  the  daily  work  of  astrophysicists  would  seem  to  be  unwise 
for  the  present,  in  view  of  our  very  imperfect  knowledge  of  the  tem- 
perature and  other  basic  conditions  underlying  the  real  system  of 
stellar  development.  New  determinations  of  the  spheroidal  constants 
of  the  Earth,  or  of  the  aberration  constant,  based  upon  the  latest 
data,  are  extremely  valuable;  but  to  adopt  each  improved  spheroid  as 
a  basis  for  government  surveys,  or  each  improved  aberration  constant 
in  astronomical  yearbooks,  would  lead  to  hopeless  confusion.  For 
similar  reasons  I  regret  the  division  of  Secchi's  I  into  Miss  Clerke's  I 
and  II,  and  the  mechanical  shifting  of  the  former's  II,  III,  and  IV  to 
the  latter's  III,  IV,  and  V.  The  highly  desirable  distinctions  which 
Miss  Gierke  desired  to  call  attention  to  in  stars  of  Secchi's  I  could 
have  been  accomplished  more  wisely,  I  think,  by  some  subclassification 
analogous  to  Vogel's  —  notwithstanding  the  very  important  calcium- 
absorption  distinctions  covered  by  her  plan.  Again,  her  Class  VI 
stars,  having  fluted  spectra  and  showing  hydrogen  and  other  bright 
lines,  includes  only  the  variables  of  the  o  Ceti  type.  They  are  cer- 
tainly very  closely  related  to  her  Class  IV  stars.  The  spectra  of  the 
variables  apparently  differ  from  those  of  Class  IV  only  in  having 
bright  lines,  induced   probably  by  the  forces  which   produce  variations 
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in  brightness  ;  and  in  this  case  a  subclass  of  IV  would  certainly  be 
satisfactory  and  more  logical.  Helium  stars  with  bright  lines  and 
Wolf-Rayet  stars  are  assigned  to  Classes  VII  and  VIII.  Miss  Gierke 
states  that  "no  hypothesis  of  growth  and  affinity  is  implied  by  the 
order  of  succession  given  to  the  bright  line  objects,"  though  "it  cer- 
tainly rests  upon  broad  and  unmistakable  distinctions."  Class  VII  is 
certainly  closely  related  to  the  Class  I  helium  stars,  and  a  subdi- 
vision for  these  under  I  would  seem  to  me  both  advantageous  and 
natural.  Of  their  close  relationship  there  is  no  doubt,  and  many  facts 
could  be  cited  in  that  connection.  Space  prevents  reference  to  more 
than  the  bright  lines  in  spectra  of  Alcyone,  Pleioiie,  /a  Centauri,  etc., 
and  the  absence  of  the  bright  lines  from  many  otherwise  almost  identi- 
cal spectra  of  Class  I.  The  assignment  of  a  special  class  to  the  Wolf- 
Rayet  stars —  Miss  Gierke's  VIII,  Pickering's  V  —  seems  necessary  at 
present,  as  no  one  is  now  able  to  fix  their  relation  to  other  spectra. 
These  stars,  like  comets,  seem  to  stand  out  from  any  system  of  stellar 
evolution,  but  we  should  be  fully  justified,  I  think,  in  saying  that  they 
are  comparatively  new  stars.  It  is  also  possible  that  they,  as  well  as 
other  stars  of  peculiar  spectral  types,  are  alien  to  the  main  sidereal 
system,  and  have  no  place  in  the  sequence  of  development  of  ordinary 
stars;  but  this  seems  very  improbable. 

In  the  absence  of  full  information  as  to  what  conditions  produce 
bright  lines  in  stellar  spectra  —  whether  in  y  Cassiopeiae  or  in  oCeti  — 
it  is  difficult  to  say  whj'  certain  stars  have  bright  lines  and  others  have 
not.  It  is  a  constant  surprise  to  me  that  bright-line  spectra  are  not 
vastly  more  numerous  than  we  have  found  them  to  be.  Miss  Gierke's 
reference  to  Classes  I  and  II  as  unveiled,  in  contradistinction  to  the 
Sun's  photospheric  veil,  may  prove  to  be  a  very  useful  one.  It  proba- 
bly has  a  basis  in  fact,  though  of  this  we  have  no  positive  proof.  It 
would  be  surprising  if  the  formation  of  bright  lines  is  not  favored  by 
the  absence  of  a  photospheric  veil.  The  study  of  bright  line  spectra  is 
one  of  the  most  fascinating  and  important  subjects  in  spectroscopy. 
They  appear  to  represent  critical  periods  in  stellar  development,  or  to 
accompany  rapid  changes,  as  in  variable  stars.  Systematic  study  of 
such  spectra  is  greatly  needed.  The  field  is  undoubtedly  a  rich  one. 
It  is  but  a  few  years  since  the  discovery  was  made  of  both  bright  and 
dark  lines  of  hydrogen  in  the  same  spectrum,  the  bright  lines  growing 
weaker  from  red  to  violet,  and  the  dark  lines  growing  stronger.  Enough 
additional  evidence  has  been  collected  to  indicate  that  a  general  prin- 
ciple is  here  involved;  and  Kayser's  explanation,  or  some  other  equally 
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simple  one,  will  probably  establish  its  fundamentality.  As  a  case  in 
point,  since  Miss  Gierke  wrote  (p.  220),  "the  invisibility  (up  to  the 
present)  of  hydrogen  in  the  carbon  stars  is  not  easily  accounted  for," 
a  long-exposure  spectrogram  secured  with  the  Yerkes  two- foot  reflector 
has  shown  strong  dark  Hy  and  Hh  lines  in  the  red  star  19  Piscium, 
whereas  H^  is  bright  or  missing  in  all  observed  stars  of  that  type. 
The  laboratory  investigations  of  Hale  and  others  on  spark  spectra 
obtained  under  high  pressure  show  somewhat  analogous  phenomena, 
but  of  their  correct  interpretation  I  do  not  feel  sure. 

It  is  very  unfortunate  that  our  knowledge  of  temperature  relations 
in  stars  of  various  types  is  so  defective.  The  paucity  of  laboratory 
results  is  perhaps  the  major  cause.  The  great  importance  and  attract- 
iveness of  work  along  this  line  is  evident  to  those  who  have  followed 
investigations  on  the  magnesium  line  at  \448!  by  Scheiner,  Huggins, 
and  others,  or  on  the  relation  between  arc  and  spark  spectra  by  Hart- 
mann.  Very  few  such  researches  are  sufficient  to  modif}'  greatly  our 
views  on  stellar  temperature  relations. 

In  this  connection,  attention  should  be  called  to  the  great  need  for 
extensive  observations  of  stellar  ultra-violet  spectra,  along  the  lines 
pointed  out  by  Huggins.  If  the  truly  continuous  portion  of  the  ultra- 
violet in  solar  types  is  relatively  stronger  than  in, helium  stars,  that 
surprising  fact  should  be  fully  established. 

Miss  Gierke's  computations  for  the  masses  and  radiative  powers  of 
various  stars,  leading  to  results  very  widely  different  from  those  for  our 
Sun,  are  extremely  interesting,  and  they  in  a  sense  mark  the  opening 
of  a  new  field  of  great  significance.  Unfortunately,  the  available  paral- 
laxes for  many  of  these  stars  are  so  uncertain  as  to  introduce  large 
uncertainty  into  her  numerical  results.  The  need  for  better  and  more 
numerous  parallax  data  is  at  least  as  pressing  in  astrophysics  as  in  the 
study  of  the  distribution  of  the  stars  in  space,  and  it  is  fortunate  that 
extensive  plans  are  forming  at  several  observatories  to  supply  the 
deficiency.  However,  granting  the  sufficiency  of  the  author's  parallax 
data,  the  tremendous  radiative  powers  arrived  at  for  certain  stars  need 
not  wholly  surprise  us.  There  are  certainly  no  more  startling  facts  in 
all  astronomy  than  those  of  o  Gf// varying  in  brilliancy  four-thousand- 
fold, with  very  little  change  in  spectral  type;  of  Nova  Cygni  varying 
from  third  to  fifteenth  magnitude,  the  spectrum  at  the  present  lower 
limit  being  continuous,  without  any  evidence  of  bright  lines  ;  and  of 
Nova  /V/-i«  decreasing  from  the  first  in  brilliancy  in  the  northern  hemi- 
sphere to  below  the  tenth  magnitude.     In  these  cases  the  ratio  of  mass 
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to  quantity  of  light  radiations  has  had  a  remarkable  range.  It  is 
impossible  to  say  what  the  brightness  of  the  Sun  would  be  if  its  photo- 
spheric  veil  were  suddenly  removed. 

Among  the  most  interesting  chapters  in  the  book  are  those  on 
variable  stars.  Excepting  the  new  stars,  a  half  dozen  Algol  a.nA  8  Cephei 
types,  P  Lyrae  and  o  Cell,  our  knowledge  of  variable  star  spectra  is 
remarkably  slight.  Xo  well-equipped  observer  has  devoted  himself 
entirely  or  in  the  main  to  that  subject.  They  offer  a  great  variety  of 
phenomena,  and  afford  almost  exclusive  opportunities  to  observe  spec- 
tral changes  in  rapid  progress.  Miss  Gierke  emphasizes  the  need  for 
more  work.  There  is  in  my  opinion  no  richer  field  awaiting  systematic 
cultivation.     The  number  of  variables  known  is  about  1200. 

The  author's  urgent  recommendation  that  the  bright  lines  in  varia- 
ble star  spectra  be  tested  for  Zeeman  effect  is  timely.  The  reviewer 
has  held  the  subject  in  mind  for  several  years  in  connection  with  the 
triple  Hy  and  7/8  of  o  Ceti,  but  when  the  star  was  in  favorable  position 
the  lines  have  been  either  single  or  too  faint  for  such  observation. 
The  Lick  tests  on  the  broad  bands  of  Nova  Persei  in  1901,  and  of 
Nova  Geminoruni  in  1903  —  no  decrease  in  width  resulting  from  a 
rotating  Nicol  prism — seem  to  be  the  only  applications  of  such  tests 
to  stars  thus  far  made. 

Many  interesting  features  of  variable-  and  double-star  spectra,  of 
nebula;,  star  clusters,  etc.,  merit  the  reviewer's  attention,  but  lack  of 
space  prevents. 

In  a  book  written  in  so  broad  a  spirit,  it  would  be  invidious  for  the 
reviewer  to  enumerate  the  fifteen  or  twenty  minor  errors  noticed,  but 
a  few  should  be  referred  to.  On  p.  500,  Keeler's  result  is  misinter- 
preted—  that  in  the  hydrogen  vacuum  tube  "the  third  line  {Hy) 
always  vanishes  experimentally  before  the  first  {Ha),  while  in  a  nebula 
it  {Hy)  shines  unfailingly,  although //;8' be  imperceptible."  The///3 
is,  I  think,  visually  much  brighter  in  all  nebulae  than  is  Hy,  though 
Hy  is  brighter  tharr  Z^a.  Again,  at  the  top  of  p.  501,  the  uninformed 
reader  will  undoubtedly  credit  the  discovery  of  variations  in  the  rela- 
tive intensities  of  the  Orion  nebular  lines  to  one  of  the  several  observ- 
ers who  confirmed,  and  not  to  the  discoverer  who  bore  the  brunt  of 
the  unusually  hostile  criticisms  following  the  announcement  of  his 
discovery. 

On  p.  394,  1.  13,  the  erroneous  dates  "7th   and    13th  November" 

'Since  this  review  has  been  put  in  type,  it  seems  prohahle  that  ///3  in  tlic  quota- 
tion is  a  misprint  for  Ha.  —  \V.  \V.  C. 
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instead  of  the  correct  dates  gth  and  13th,  are  extremely  unfortunate, 
though  the  dates  were  stated  correctly  in  the  author's  History  of  Astron- 
omy, 4th  ed.,  p.  401. 

It  is  to  be  regretted  that  the  illustrations  of  nebuL-e,  clusters,  etc., 
are  not  the  most  modern  obtainable. 

Miss  Gierke's  book  is  in  my  opinion  most  ideally  planned:  its  his- 
tory is  fairly,  but  inconspicuously,  complete;  only  relevant  facts  are 
stated;  theory  has  not  run  away  with  observation ;  the  defective  corners 
in  our  field  of  knowledge  are  pointed  out;  the  style  is  lucid,  attractive, 
and  logical;  and  to  me  its  most  remarkable  feature  is  the  wonderfully 
correct  estimate  of  the  relative  values  of  observations,  by  an  author 
with  little  or  no  experience  in  making  observations. 

W.  W.  Campbell. 
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A    REVISION    OF    ROWLAND'S    SYSTEM     OF    WAVE- 
LENGTHS. 

By  J.    H  A  R  T  M  A  N  N. 

I.  Rowland's  system  of  wave-lengths  has  become  the  basis  of 
all  spectroscopic  measurements  made  in  recent  years,  and  with 
the  progressive  increase  in  the  precision  of  these  measures  the 
necessity  has  now  arisen  of  testing  the  reliability  of  that  impor- 
tant basis,  and,  in  case  it  should  not  appear  as  adequate,  of  cor- 
recting it  by  new  series  of  observations  in  order  thus  to  create  a 
foundation  sufficient  for  all  demands. 

Aside  from  the  earlier  and  provisional  publications  of  Row- 
land, his  system  of  wave-lengths  as  at  present  accepted  appears 
in  three  different  forms  : 

a)   The  standard  wave-lengths  in  the  solar  spectrum,  and 

d)  The  standard  wave-lengths  in  the  arc  spectra  of  different 
metals  which  was  first  published  in  Astronomy  and  Astro-Physics 
(12,  321,  1893)  under  the  title  "A  New  Table  of  Standard  Wave- 
Lengths."  For  brevity  I  shall  denote  the  wave-lengths  of  these 
two  series  by  ©  St.  and  M.St.  Rowland  gave  in  1896  in  the 
Memoirs  of  the  American  Academy  of  Arts  and  Sciences  (12,  No.  2, 
lOl)  a  more  extended  account  of  the  origin  of  these  standards. 
167 
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c)  The  measurement  of  the  whole  solar  spectrum  which 
appeared  in  the  Astrophysical  Journal,  Volumes  i  to  5,  in  the 
years  1895-97,  under  the  title  "Preliminary  Table  of  Solar 
Spectrum  Wave-Lengths."  The  wave-lengths  in  this  table  I 
shall  designate  by  P.  T. 

The  question  which  first  arises,  as  to  how  far  these  three  series 
of  wave-lengths  are  to  be  regarded  as  coincident,  so  that  we  can 
speak  of  a  single  Rowland  system,  may  be  answered  in  two 
different  ways  —  first,  on  the  basis  of  the  history  of  the  develop- 
ment of  these  series,  and  secondly,  by  a  numerical  comparison 
of  them. 

2.  The  historv  of  the  develojtoent  of  Rowland's  wave-lengths 
is  briefly  as  follows.  Bv  taking  the  mean  of  the  absolute  meas- 
ures of  Angstrom,  Miiller  and  Kempf,  Kurlbaum,  Peirce,  and 
Bell,  Rowland  derived  for  the  Fraunhofer  line  D,  the  wave- 
length 

X=  5896.156. 

To  this  line  he  connected  thirteen  further  "primary  standards" 
(P.  St.)  in  the  visible  spectrum  by  visual  measures  of  coinci- 
dences with  the  use  of  several  concave  gratings  of  213^  feet 
focus.  These  P.  St.  are  single  lines  in  only  certain  instances; 
being  for  the  most  part  mean  values  from  the  wave-lengths  of 
groups  of  two,  three,  and  four  lines,  which  are  separated  by  dis- 
tances as  great  as  76  tenth-meters.  As  the  result  of  numerous 
measurements  he  obtained  twentj'-six  equations  of  condition  of 

the  form 

iiA  —  mB  =  D, 

where  n  and  m  represent  the  order  of  the  coinciding  spectra  con- 
cerned, B  the  wave-lengths  of  the  observed  lines,  and  D  the 
separation  of  the  lines  measured  with  the  eyepiece  micrometer. 
The  measured  distances  of  the  lines  observed  as  coincident  are  in 
part  very  large  :  only  in  eight  cases  are  they  smaller  than  ten  revo- 
lutions of  a  screw  for  which  one  revolution  —  one  tenth-meter  in 
the  first  order  of  the  grating  concerned ;  in  eleven  cases  it  is  more 
than  twenty  revolutions,  and  in  two  cases  it  c\en  exceeds  one 
hundred  revolutions.  Although  the  micrometer  screw  employed 
h\  Rowland,  which  he  himself  inailc  in  the  most  careful  manner 
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and  investigated,  is  undoubtedly  of  tlie  highest  excellence,  there 
is  nevertheless  a  certain  danger  in  the  measurement  of  such 
long  distances,  particularly  as  these  distances  frequently  could 
be  measured  only  on  one  side,  so  that  it  was  not  possible  to 
interpolate  the  lines  of  the  one  order  between  those  of  the  other 
order.  How  Rowland  obtained  the  screw-value  with  sufficient 
accuracy  for  such  long  distances  is  not  to  be  readily  ascertained 
from  his  publications,  which,  indeed,  contain  so  few  data  as  to 
the  measurements  themselves  that  a  test  of  them  is  impossible. 

3.  Rowland  did  not  solve  the  twenty-six  equations  of  condition 
for  the  wave-lengths  of  the  fourteen  P.  St.  by  the  method  of 
least  squares,  although  this  would  have  been  quite  simple,  as  each 
equation  contains  only  two  unknowns  with  integral  coefficients 
ranging  from  two  to  seven.  He  emplo3'ed  per  cotitra  the  process 
of  successive  approximations,  which  had  the  advantage  of  greater 
clearness,  and  without  doubt  also  led  to  a  system  of  values  which 
satisfied  very  well  the  eejuations  of  condition. 

From  this  process  of  adjustment  Rowland  deduced  for  the 
line  D,  the  wave-length  5896.160,  and,  in  order  to  bring  this 
value  into  better  agreement  with  the  above-mentioned  mean 
from  the  absolute  measurement,  he  reduced'  all  the  wave-lengths 

found  in  the  solution  by .     In  this  way  he  now  obtained 

■'   200,000  ■' 

for  D„  \  =  5896.157. 

The  P.  St.  determined  in  this  way  lie  between  the  limits 
X  4215.6  and  X  7040.1.  Subsequently  the  Fraunhofer  line  A  was 
also  once  connected  in  the  spectrum  of  the  first  order  with  the 
nearest  normal  in  the  second  order,  for  which  pui[)ose  it  was 
necessary  to  measure  with  the  screw  over  a  distance  of  84  tenth- 
meters  ;  a  further  connection  was  also  obtained  by  the  coinci- 
dence of  the  second  and  third  order. 

4.  The  798  ©  St.  and  the  404  M.  St.  were  now  connected 
with  these  15  P.  St.  as  follows:     The  visual  portion  of  the  solar 

'The  corrections  actually  applied  by  Rowland  {loc.  cit.,  p.  139)  do  not  agree  with 
this  statement  in  the  ease  of  several  of  the  standards.  It  cannot  be  ascertained 
whether  this  is  due  to  typographical  errors,  of  which  the  publication  unfortunately 
contains  a  very  large  number,  or  are  errors  of  computation,  or  whether  certain  of  the 
standards  were  intentionally  further  altered  for  some  reason  which  was  not  given. 
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spectrum  between  \  4048  and  \  7714  was  repeatedly  measured 
with  a  micrometer  screw  5  inches  long,  with  the  use  of  various 
gratings.  The  portions  separately  measured  with  the  screw  were 
then  united  by  means  of  the  overlapping  portions  into  thirteen 
long  strips,  which  rendered  possible  not  only  an  interpolation  of 
the  standards,  but  also  an  adjustment  of  the  P.  St. 

Eighteen  photographs  were  made  with  the  solar  spectrum  of 
one  order  situated  between  two  strips  of  the  solar  spectrum  of 
another  order  for  the  continuation  of  the  work  into  the  ultra- 
violet region.  A  large  number  of  plates  was  also  made  which 
contained  a  solar  spectrum  and  beside  it  metallic  spectra  of 
different  orders.  The  measuremant  of  all  these  plates,  which 
was  carried  on  by  Mr.  Jewell,  now  produced  numerous  combina- 
tions between  the  different  parts  of  the  spectrum,  and  thus  there 
always  occurred,  along  with  the  interpolation  of  the  standards, 
also  an  adjustment  of  the  P.  St.  Thus  for  each  wave-length  of 
the  standards  there  were  developed  a  number  of  individual 
determinations  from  which  finally  the  mean  wa.s  taken;  these 
are  the  numbers  published  as  o  St.  and  M.  St. 

5.  It  follows  from  this  origin  that  the  whole  system  of  ©  St. 
is  entirely  coincident  with  that  of  the  P.  St.,  but  that  the  wave- 
lengths of  the  single  lines  in  the  two  systems  may  differ  by  small 
quantities  from  each  other.  Thus  the  line  D,  appears  under  the 
O  St.  with  the  wave-length 

A  =  5896.iS4. 
The  0  St.  are  to  be  regarded  in  every  case  as  the  better  adjusted 
system  in  comparison  with  the  P.  St. 

6.  The  conditions  are  less  simple  with  the  M.  St.  Rowland 
remarks '  as  follows  : 

In  every  plate  having  a  solar  and  metallic  spectrum  upon  it,  there  is 
often  —  indeed,  always  —  a  slight  displacement.  This  is  due  either  to  some 
slight  displacement  of  the  apparatus  in  changing  from  one  spectrum  to  the 
other,  or  to  the  fact  that  the  solar  and  the  electric  light  pass  through  the  slit 
and  fall  on  the  grating  differently.  In  all  cases  an  attempt  was  made  to 
eliminate  it  by  exposing  on  the  solar  spectrum  both  before  and  after  the  arc, 
but  there  still  remained  a  displacement  of  0.0 1  to  0.02  division  of  Angstrom, 
which  was  determined  and  corrected  for  by  measuring  the  difference  between 

^Memoirs  of  the  American  Academy,  12,  116. 
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the  metallic  and  coinciding  solar  lines,  relating  a  great  number  of  them,  if 
possible. 

It  follows  from  this  remark  that  the  wave-lengths  of  the  M. 
St.  which  were  directly  measured  and  hence  accurately  referred 
to  the  system  of  the  0  St.,  in  case  the  apparatus  was  in  order, 
were  subsequently  so  altered  by  empirical  corrections,  now  larger 
and  again  smaller,  that  as  accurate  a  coincidence  as  possible  was 
attained  between  the  lines  of  the  arc  and  the  solar  spectrum. 

Jewell  was  the  first  to  call  attention  to  the  erroneousness  of 
this  process,  in  his  very  valuable  paper  on  "The  Coincidence  of 
Solar  and  Metallic  Lines."'  It  cannot  now  be  ascertained  by 
what  amounts  the  individual  M.  St.  were  falsified  by  the  applica- 
tion of  these  corrections.  More  definite  information  could  not 
be  given  to  me  by  Mr.  Jewell  in  response  to  a  letter  which  I 
addressed  to  him  several  years  ago.  We  must  therefore  first 
remember  that  all  the  M.  St.  are  erroneous  by  small  amounts, 
which  cannot  be  recomputed,  lying  in  the  vicinity  of  o.oi  to  0.02 
tenth-meters,  and  in  general  too  large  relatively  to  the  system 
of  the  0  St.  In  certain  parts  of  the  spectrum  the  0  St.  may  be 
affected  to  a  small  amount  bv  the  application  of  these  empirical 
corrections,  since  Rowland  repeatedly  also  employed  the  M.  St. 
in  order  to  derive  the  0  St.  in  a  spectrum  of  another  order  by 
the  method  of  coincidences. 

7.  While  the  progression  of  the  errors  which  arose  from  the 
application  of  these  corrections  is  very  gradual,  so  that  the  error 
for  neighboring  lines  is  always  of  nearly  the  same  amount,  I 
must  now  call  attention  to  another  source  of  error  which  may 
have  produced  larger  deviations  of  individual  lines.  As  already 
mentioned,  the  o  St.  and  the  M.  .St.  are  mean  values  from  a 
number  of  different  sorts  of  determinations;  and  the  number  of 
plates  employed  is  very  different  for  each  line.  The  following 
series  of  M.  St.  in  the  iron   spectrum   may  serve  as  an  example. 

Even  this  short  list  shows  that  the  M.  St.  measured  on  eight 
or  nine  plates  either  coincide  very  closely  with  the  0  St.  or  fall 
on  the  negative  side  of  them,  while  all  the  lines  measured  only 
once    or    twice    deviate,    in    some    cases    by    very    considerable 

■ASTROPHYSICAL  JOURNAL,  3,  89,  1896. 
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TABLE  I. 


M.  St. 

No.  of                   Q  s,. 
Measures 

M.  Si.-O  St. 

430S.072 

8 

071 

+   I 

4325-932 

8 

940 

-  8 

4352.908 

I 

903 

+  5 

4369.948 

I 

943 

+  5 

4376.108 

I 

103 

+  5 

4383-721 

9 

721 

0 

4404.928 

9 

927 

+  I 

4415. 29S 

8 

299 

—   I 

4447.912 

2 

S99 

+  13 

4494.756 

I 

735 

+21 

amounts,  toward  the  positive  side.  In  particular  I  would  refer 
to  the  uncertainty  of  the  two  lines  at  \  4448  and  X  4495- 

The  direct  measures  made  by  Rowland  and  Jewell  on  each 
separate  plate  certainly  possess  a  very  high  degree  of  accuracy, 
so  that  the  relative  position  of  the  lines  was  determined  to  a 
precision  of  a  few  thousandths  of  a  tenth-meter;  but  since  each 
plate  has  a  systematic  error,  chiefly  in  consequence  of  the  appli- 
cation of  the  empirical  correction,  there  occur,  through  the 
above-mentioned  lack  of  uniformity  in  the  number  of  plates 
employed,  displacements  in  the  relative  position  of  the  indi- 
vidual lines  which  may  rise  as  high  as  several  hundredths  of  a 
tenth-meter. 

8.  The  relative  wave-lengths  of  the  e  St.  are  also  injuriously 
affected  by  the  large  variation  in  the  number  of  measurements 
employed  for  the  individual  lines.  However,  the  errors  arising 
in  the  individual  wave-lengths  of  the  solar  spectrum  are  for  the 
most  part  rendered  harmless  by  the  extensive  measurement  of 
the  whole  solar  spectrum  which  was  carried  out  in  a  uniform 
manner,  the  results  of  which  are  given  in  the  P.  T.  The  wave- 
lengths of  the  P.  T.  depend  upon  the  measurements  of  the  photo- 
graphic plates  of  the  whole  solar  spectrum  carried  out  by  Jewell. 
In  this  work  the  newly  measured  lines  were  not  merely  referred 
to  the  0  St.  by  interpolation,  but  a  solution  was  made  for  every 
plate  by  which  the  o  St.  were  also  freed  from  tlicir  accidental 
errors,  so  that  they  constitute  a  homogeneous  system  with  the 
lines  newly  connected  to  tiiem.    There  accordingly  exists  between 
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the  wave-lengths  of  the  P.  T.  and  the  o  St.  a  relation  similar  to 
ihat  between  the  o  St.  and  the  P.  St.  (see  5).  The  ivliole  system 
of  the  P.  T.  is  also  here  to  be  regarded  as  entirely  coincident 
with  the  system  of  the  o  St.,  but  the  wave-lengths  of  the  indi- 
vidual lines  in  both  systems  may  differ  from  each  other  by  small 
amounts.  For  instance,  the  line  D,  appears  in  the  P.  T.  with  the 
wave-length  5896.155. 

9.  It  appears  from  this  statement  of  the  history  of  the  origin 
of  Rowland's  wave-lengths  that  the  P.  T.  constitutes  the  defini- 
tive and  most  reliable  form  of  the  Rowland  system.  If,  for 
instance,  the  question  should  arise  which  is  the  most  correct  of 
the  four  values  for  the  wave-length  of  the  line  D,  in  the  solar 
spectrum,  viz.: 

X=5896.i36  (starting  value) 

.157   (P.St.) 

.154  (0  St.) 

•'55  (P.T.) 
and  which  most  precisely  represents  the   Rowland  system,  the 
answer  would  be  the  value  5896.155. 

10.  The  conclusions  which  were  reached  as  to  coincidence  of 
the  three  systems  P.  St.,  0  St.,  and  P.  T.  on  the  basis  of  the 
history  of  their  origin  are  confirmed  by  a  direct  comparison  of 
the  numerical  values.  The  relation  of  the  o  St.  to  the  P.  St. 
may  be  seen  from  Table  II. 

The  difference  ©St.  — P.  St.  amounts  at  the  maximum  for  a 
line  to  0.007  tenth-meter;  the  sum  of  all  these  differences 
properly  should  be  exactly  zero;  for  the  thirty-four  lines  together, 
however,  it  amounts  to  +0.0 1 6,  whence  the  mean  value  of  this 
difference  is  +0.00047  tenth-meter.  Hence  the  two  systems 
P.  St.  and  o  St.  are  sufficiently  in  coincidence. 

11.  On  account  of  its  great  extent  1  will  not  [irint  here  the 
comparison  of  the  system  o  St.  and  P.  T.,  and  I  will  limit  myself 
to  giving  in  Table  III  for  intervals  of  100  tenth-meters  under  the 
heading  5  the  sum  of  the  differences  P.T.  — 0  St.  In  an  entirely 
rigorous  comparison  5'  should  be,  at  least  for  long  stretches  of 
spectrum,  zero.  The  number  of  o  St.  employed  is  denoted  by 
71.     Several  of  Rowland's  o  St.  had  to  be  omitted  in  this  com- 
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TABLE  II. 


P.  St. 

0  St. 

0  St.-P.  St. 

p.  St. 

©St. 

0  St.-P.  St. 

4215.665 

.667 

+2 

5397^350 

.346 

-4 

4222.381 

.381 

0 

5405.984 

.987 

+3 

4376.103 

•103 

0 

5624.254 

•253 

—  I 

5624.764 

.768 

+4 

4494 -729 

•735 

+6 

5826.582 

.580 

—  2 

4497.048 

.041 

-7 

5890.184 

.182 

—  2 

4501.444 

•444 

0 

5896.157 

.154 

-3 

4508.460 

•456 

-4 

5914.386 

•384 

—  2 

4690.323 

•  324 

+  1 

6246.530 

•530 

0 

4691.575 

.581 

+6 

6318.241 

.242 

+  1 

6322.912 

.912 

0 

4903.484 

.488 

+4 

1 

4924. 1 1'O 

.109 

-I 

6563.049 

.054 

+5 

4924.956 

•955 

—  I 

6569.461 

.461 

0 

5060.250 

.252 

+2 

5064.834 

•833 

—  I 

6750.409 

.412 

+3 

5068.946 

.946 

0 

7023.747 

•747 

0 

5269.717 

.722 

+5 

7027.724 

.726 

+2 

5270.497 

•495 

—  2 

7040.056 

.058 

+2 

parison  because  the  measurement  was  made  upon  the  center  of 

gravity  of  a  double  line,  the  components  of  which  were  separate!}- 

measured  in  the  P.  T.     M  denotes  the  mean  error  of  coincidence, 

S 
that  is,  the  quotient  -  ,  and  the  last  column  contains  the  largest 

one  of  the  differences  P.  T.  — o  St.  which  occur  in  the  particular 
portion  of  the  spectrum. 

Table  IV  contains  a  similar  com])arison  for  stretches  of  1,000 
tenth-meters. 

It  may  be  seen  from  the  numbers  of  Tables  III  and  IV  that 
the  P.  T.  are  well  related  to  the  system  of  the  o  St.,  if  we  except 
the  short  region  from  \7000  to  \  7400,  the  measurement  of  which 
gave  special  difficulty.  The  difference  P.  T.— o  St.  amounts  in 
the  mean  to  +0.00040  tenth-meter  for  the  whole  spectrum  from 
X3000  to  Xjooo.  The  errors  of  individual  lines  of  the  0  St. 
exceed  0.03  tenth-meter  only  in  isolated  cases ;  as  a  rule  they 
amount  to  from  0.0 1  to  0.02  tenth-meter. 
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A 

5 

« 

M 

Maximum 

3000-3100 

—  0.014 

21 

—  0 

0007 

+0 

oiS 

3 I 00- 3200 

—   13 

12 

— 

n 

— 

■3 

3200-3300 

+   59 

10 

+ 

59 

-i- 

2! 

3300-3400 

+   15 

8 

+ 

19 

— 

12 

3400-3500 

-   15 

16 

— 

9 

+ 

20 

3500-3600 

+   50 

17 

+ 

29 

-1- 

iS 

3600-3700 

—   20 

29 

— 

7 

+ 

30 

3700-3800 

-   28 

32 

— 

9 

± 

16 

3800-3900 

+   77 

23 

+ 

33 

+ 

20 

3900-4000 

+   44 

25 

+ 

18 

+ 

16 

4000-4100 

-   18 

17 

— 

II 

- 

I  I 

4100-4200 

+         I 

9 

+ 

I 

+ 

6 

4200-4300 

+   28 

14 

-t- 

20 

+ 

12 

4300-4400 

+   33 

II 

+ 

30 

+ 

10 

4400-4500 

-   18 

13 

— 

■4 

— 

18 

4500-4600 

—   10 

9 

— 

11 

— 

3 

4600-4700 

-    4 

12 

— 

3 

— 

7 

4700-4800 

—    H 

5 

— 

30 

— 

12 

4800-4900 

+   29 

6 

+ 

48 

+ 

31 

4900-5000 

-   28 

13 

— 

22 

~ 

10 

5000-5100 

-    13 

II 

— 

12 

- 

8 

5100-5200 

-   32 

31 

— 

10 

— 

15 

5200-5300 

+   41 

28 

+ 

15 

+ 

28 

5300-5400 

+   18 

17 

+ 

II 

+ 

30 

5400-5500 

-   33 

15 

— 

22 

— 

27 

5500-5600 

-   43 

16 

— 

27 

— 

31 

5600-5700 

-    3 

16 

— 

2 

— 

14 

5700-5800 

+    8 

18 

+ 

4 

± 

15 

5800-5900 

-    7 

13 

— 

5 

— 

12 

5900-6000 

+    I 

13 

+ 

I 

+ 

5 

6000-6100 

-   19 

13 

— 

'5 

- 

10 

6100-6200 

-   26 

17 

— 

■5 

— 

16 

6200-6300 

+   70 

17 

+ 

41 

+ 

26 

6300-6400 

-   29 

13 

— 

22 

— 

24 

6400-6500 

+       90 

15 

+ 

60 

+ 

29 

6500-6600 

+   72 

12 

+ 

60 

-t- 

49 

6600-6700 

-   39 

6 

— 

65 

— 

38 

6700-6800 

-   37 

10 

— 

37 

— 

37 

6800-6900 

+   46 

35 

+ 

13 

— 

32 

6900-7000 

+   36 

25 

+ 

14 

+ 

24 

7000-7100 

+  157 

13 

+ 

121 

+ 

51 

7100-7200 

—   21 

7 

— 

30 

— 

21 

7200-7300 

+   61 

12 

+ 

51 

+ 

41 

7300-7400 

-   14 

3 

47 

26 

176 
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TABLE  IV. 


A 

5 

« 

M 

Maximum 

3000-4000 
4000-5000 
5000-6000 
6000-7000 
7000-7400 

+0.155 

—  2 

-  63 
+       164 
+       IS3 

193 
109 
I7S 
163 

35 

-\-  o.oooS 
0 

+          .^0 
+          52 

++I++ 
-  0  -  -  0 

3000-7000 

+0.254 

643 

+  0.00040 

+0.049 

12.  In  Table  V,  I  give  a  comparison  of  the  systems  g  St.  and 
M.  St.  A  few  lines  had  to  be  excluded  here  also,  for  which  it 
appeared,  from  the  remarks  made  6v  Rowland,  that  not  precisely 
the  same  lines  were  measured  in  the  solar  spectrum  and  the  arc 
spectrum. 


A 

5 

« 

M 

Maximum 

3000  —  3500 
3500  —  4000 
4000  —  4500 
4500  —  5000 
5000  —  5500 
5500  —  6000 

+0. 109 

+  284 

+     90 

-  64 

-  62 

-  64 

29 
80 

47 

15 

21 

8 

+0.0038 
+         35 
+         19       , 

-  43 

-  30 

-  So 

+0.027 
+        36 
+        21 

-  25 

+          ■'2 

-  80 

3000  —  6000 

+0.293 

200 

+0.0015 

—  0.080 

An  almost  perfect  coincidence  has  also  been  effected  between 
the  systems  M.  St.  and  0  St.,  as  is  seen  from  the  mean  value 
holding  good  for  the  whole  spectrum,  il'/=+o.ooi5  in  Table  V. 
It  has  already  been  mentioned  above  under  6  that  this  does  not 
actually  occur,  and  it  is  particularly  striking  that  the  difference 
M.  St.— 0  St.  is  prevailingly  positive  in  the  stretch  from  \  3000 
to  \4500;  while  the  lines  of  the  solar  spectrum,  in  consequence 
of  the  greater  pressure  under  which  the  absorbing  strata  of  vapor 
exist  in  the  solar  atmosphere,  should  in  general  be  somewhat  dis- 
placed toward  the  red  as  compared  with  the  arc  lines  at  atmos- 
pheric pressure.  Hence  the  difference  M.  St.—  ©  St.  should  be 
prexailingly  negative  ;  as  may  be  seen  from  Table  V,  this  is  true, 
however,  only  between  X4500  and  \6ooo. 
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The  conclusions  drawn  above  are  accordingh'  confirmed  by  the 
direct  comparison  of  Rowland's  tables  of  wave-length  :  the  P.  T. 
constitutes  the  most  reliable  form  of  Rowland's  wave-lengths  ; 
the  0  St.  and  the  P.  St.  coincide  on  the  whole  with  the  P.  T., 
but  nevertheless  individual  lines  have  large  accidental  errors  ; 
the  M.  St.  similarly  contain  large  accidental  errors,  and  are, 
moreover,  systematically  displaced  by  measurable  amounts  as 
compared  with  the  system  of  the  P.  T. 

13.  At  this  point  I  will  also  refer  to  another  system  of  wave- 
lengths which  bears  the  same  relation  to  the  M.  St.  that  the  P. 
T.  bears  to  the  0  St.  This  is  the  "Normale  aus  dem  Bogen- 
spectrum  des  Eisens,"  which  Kayser  published  in  the  year  1900.' 
Kayser's  standards,  which  I  shall  briefly  designate  with  K.,are  — 
aside  from  a  region  near  X3400 — precisely  connected  to  the 
system  of  the  M.  St.,  and  therefore  contain  the  constant  system- 
atic errors  of  the  M.  St.,  but  the  careful  measurement  of  numer- 
ous plates  has  so  far  reduced  the  accidental  errors  of  the  separate 
lines  in  K.  that  the  mean  error  of  a  line  amounts  at  the  most  to 
0.003  tenth-meter. 

14.  We  shall  certainly  not  be  far  from  the  truth  if  we  assume 
that  the  accidental  error  of  the  single  lines  in  the  P.  T.  is  about 
ifc  0.003.'  It  is  true  that  a  direct  test  of  the  P.  T.  has  never 
been  made,  but  everyone  who  has  occasion  to  employ  Rowland's 
wave-lengths  will  have  become  convinced  of  their  great  reli- 
ability, in  so  far  as  the  relative  position  of  lines  within  small 
regions  of  spectrum  are  concerned.  The  conditions  are,  how- 
ever, changed  in  respect  to  the  accuracy  of  the  relative  wave- 
lengths as  soon  as  widely  separated  portions  of  the  spectrum  are 
compared  with  each  other.  Attention  has  already  been  called 
by  various  individuals  to  the  fact  that  there  arc  irregularities 
which  slowly  increase  in  Rowland's  values,  as  a  result  of  which 
for  considerable  portions  of  the  spectrum  all  the  wave- lengths 
are  from  O.oi  to  0.02  tenth-meter  too  large,  and  in  other  regions 
are  too  small.      Miiller^  was  the  first  to  point  out  the  possibility 

^Ann.  tier  Pkys.,  (4)  3,  195;  Astrophvsical  Journal.  13,  329,  iqoi. 
'A  proof  of  the  correctness  of  this  estimate  follows,  under  16. 
'  "  Beobachtungen  auf  dem  Gipfel  des  Santis  ;  "  Publ.  des  Aslroph.  Observatoriums 
zu  Potsdam,  8,  49,  1 893. 
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of  such  errors  on  the  occasion  of  his  making  a  comparison  of 
the  Potsdam  system  of  wave-lengths  with  the  o  St.  He  found 
that  the  difference  "Potsdam  —  o  St."  had  a  prevailingly  positive 
sign  from  X4900  to  X  5400,  while  it  was  negative  from  \  5400  to 
X6100,  and  then  positive  again  up  to  \  6350.  Kayser '  expressed 
himself  more  definitely  when  he  found  that  the  values  of  several 
M.  St.  at  X  3400  are  too  large  by  from  0.02  to  0.03  tenth-meter. 
An  entirely  certain  explanation  as  to  the  magnitude  and  the 
course  of  these  errors  in  a  part  of  the  visual  spectrum  was,  how- 
everi  first  given  in  the  research  by  Fabry  and  Perot,'  who  deter- 
mined with  their  interference  apparatus  the  absolute  wave-lengths 
of  33  lines  of  the  solar  spectru^  and  of  14  lines  of  the  iron 
spectrum.  In  order  to  compare  their  results  with  Rowland's 
wave-lengths  they  computed  for  the  33  lines  the  quotient 

P.  T. 


/■= 


F.  and  P.0  ' 


which  must  be  constant  if  Rowland's  figures  are  free  from  sys- 
tematic errors.  The  values  of  F  show,  however,  a  clearly 
expressed  progression  which  precisely  coincides  in  respect  to 
sense  with  the  results  of  Miiller.  E^berhard^  then  made  a  more 
precise  comparison  of  the  Potsdam  and  Rowland  systems, 
utilizing  104  lines  of  the  P.  T.,  and  was  able  to  furnish  another 
complete  confirmation  of  Fabry  and  Perot. 

15.  There  can  accordingly  no  longer  be  any  doubt  that  the 
wave-lengths  of  the  P.  T.  are  up  to  0.02  unit  too  small  from 
X  4900  to  X5370;  that  they  are  up  to  0.02  unit  too  large 
between  X5370  and  X6050,  and  then  again  too  small  up  to 
X  6500.  We  may  assume  that  similar  errors  will  be  revealed  in 
the  remaining  portions  of  the  spectrum  which  have  not  j'et  been 
checked,  and  the  question  therefore  arises  in  what  manner  a 
correction  can  best  be  applied  to  the  Rowland  system.  At  the 
same  time  it  would   be   necessar}'  to   determine  the  systematic 

'  Loc.  cit.,  p.  198. 

' "  -Mesures  de  longeurs  d'onde  en  valeur  absolue,"  Ann.  de  Chim.  el  de  P/iys.,  (7) 
25,  gS;    ASTROPHYSICAL  JOURNAL,  15,  27O,  I9O2. 

3  Systematic  errors  in  the  Wave-Lengths  of  the  Lines  of  Rowland's  Solar  Spec- 
trum," ASTROPHYSICAL  Journal,  17,  141,  1903. 
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difference  between  the  systems  of  the  P.  T.  and  the  M.  St., 
which  have  been  extensively  discussed  above. 

Fabry  and  Perot  write,  after  determining  the  values  of  the 
reduction  factor  F:  "All  recent  spectroscopic  measurements 
which  have  been  based  upon  Rowland's  figures  contain  the  same 
errors.  In  order  to  correct  them,  and  at  the  same  time  to 
reduce  them  to  the  value  of  the  wave-length  of  the  cadmium 
line  found  by  Michelson  and  Benoit,  one  has  only  to  divide  the 
values  by  F."  I  would,  however,  by  no  means  recommend  this 
procedure,  for,  in  the  first  place,  the  systematic  error  above  men- 
tioned between  the  o  St.  and  the  M.  St.  is  not  contained  in  the 
F,  and  since  most  observers  have  used  the  iron  spectrum  for 
comparison  and  not  the  solar  spectrum,  the  true  value  of  the 
wave-length  would  not  be  obtained  by  division  by  F.  Secondly, 
it  certainly  could  not  be  recommended  to  alter  so  greatly  all 
previously  determined  wave-lengths  as  would  be  necessary  to 
pass  from  the  Rowland  system  to  that  of  Michelson.  The 
reduction  factor  /<"  has  at  this  place  the  value  1.000034,  whence 
it  follows  that  all  the  wave-lengths  in  the  visual  spectrum  would 
have  to  be  diminished  by  about  0.2  tenth-meter  if  they  were  to 
be  transferred  to  the  Michelson  system.  This  would  produce 
great  confusion. 

16.   I  would,  on  the  contrary,  recommend  that  each  correction 

of    Rowland's   wave-lengths   should   be  undertaken    in    such    a 

manner  that  his   numerical  values  are   thereby  altered  only  by 

the  smallest  possible  amount.     This   may  be  accomplished   in  the 

following  manner.     As  has  already  been  said,  Fabry  and   Perot 

P.  T. 

give  the  quotient  -^- 3-7-  =  /"  for   each   of   the    s^   solar    lines 

°  ^  F.  and  P. 

they  measured.    The  values  of  F  lie  between  the  limits  i  .0000286 

and    1. 0000381.     If   we   take    the    arithmetical    mean    of    these 

thirty-three  values, 

-^0=  1.0000340  , 

and  multiply  all  the  wave-lengths  found  by  Fabry  and  Perot  by 

this  factor,  we  shall  evidently  obtain  a  system   of  wave-lengths 

which  fits  that  of  Rowland  as  closely  as  possible,  but  is  free  from 

its    systematic  errors.     If  we    designate    these  errorless  wave- 
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lengths  on  the  Rowland  system  by  X,  then  X  ^  (  F.  and  P.)  •  F^. 
I  have  computed  the  values  of  X  in  Table  YI,  in  which  the  first 
column  contains  the  wave-lengths  directly  measured  by  Fabry  and 
Perot,  the  second  the  value  of  X,  and  the  third  the  corresponding 
number  in  the  P.  T.  The  difference  X  —  P.  T.  =  (7'  given  in  the 
fourth  column  therefore  represents  the  correction  which  must 
be  applied  to  Rowland's  values  in  order  to  free  them  of  their 
systematic  errors.  The  sum  of  all  the  positive  values  of  C  is 
+  0.1/8  tenth-meters,  of  all  the  negative  values  —0.183;  ^  proof 
that  the  X  sj'stem  coincides  precisely  with  the  P.  T. 

TABLE  VI. 


F.  and  P. 

A                           I 

>.  T. 

c 

c 

c-c 

4643 ■4S3 

4643.641 

645 

-   4 

—  7 

+  3 

4704.960 

4705. 120 

131 

—  11 

-  6 

-  5 

47j6.8oo 

4736.961 

963 

—    2 

-  5 

+  3 

47S3.449 

4783.612 

613 

—     I 

-   4 

+  3 

4S59.758 

4859-923 

928 

-  5 

—    I 

-  4 

4923-943 

4924.110 

107 

+  3 

+   I 

+  2 

5001. 8S1 

5002.051 

044 

+  7 

+  5 

+  2 

5090.787 

5090.960 

954 

+  6 

+  11 

-  5 

.';i23-739 

5123-913 

899 

+  14 

,     +'4 

0 

5171.622 

5171.798 

778 

+20 

+  17 

+  3 

5247.063 

5247.241 

229 

+  12 

+21 

-  9 

5247-587 

5247-765 

737 

+28 

+2: 

+  7 

5339.956 

5340.138 

121 

+17 

+13 

+  4 

5345-820 

5346.002 

991 

+11 

+11 

0 

5367 -4S5 

5367.667 

669 

—   2 

0 

—   2 

5409.800 

5409.984 

000 

-16 

—  II 

—  5 

5434-544 

54.34-729 

740 

—  II 

—  15 

+  2 

5497-536 

5497-723 

735 

—  12 

-17 

+  5 

5506.794 

5506.981 

000 

-19 

-18 

—   I 

5586.778 

5586.968 

991 

-23 

—  20 

-  3 

5715-095 

5715.289 

308 

—  10 

-19 

0 

5763.004 

5763.200 

218 

-18 

-18 

0 

5862.368 

5S62.567 

582 

-15 

-'5 

0 

5934.666 

5934.868 

881 

-■3 

—  II 

—  2 

5987.081 

5987 -2S4 

290 

-  6 

-  7 

+  I 

6016.650 

6016.855 

861 

-    6 

-   4 

—  2 

6065 . 506 

6065.712 

709 

+  3 

+   2 

+  ■ 

6151.639 

6151.848 

834 

+  M 

+  ■3 

+  ■ 

6230.746 

6230.958 

943 

^>5 

+  15 

0 

6322.700 

6322.915 

907 

+  8 

+  II 

-  3 

6335-346 

6335-561 

554 

+  7 

+  10 

—  3 

6408.027 

6408.245 

233 

+12 

+  5 

+  7 

6471 .666 

6471.886 

8S5 

+  I 

+  I 

0 

The  accidental  errors  of  measurement  of  the  individual  lines 
are  still  contained   in   the  values  of  C :  in  order  to  free  Iheni  of 
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these  I  have  graphically  represented  their  progression  by  the 
curve  reproduced  in  Fig.  i.  From  the  curve  we  now  obtain  the 
true  values  C  of  the  corrections,  which  are  collected  in  Table 
VII.  The  values  C  —  Cgiven  in  the  last  column  of  Table  VI  cor- 
respond to  the  accidental  errors  of  observation  in  the  difference 
F.  and  P.—  P.  T.  If  we  regard  as  equally  accurate  the  absolute 
measurements  of  Fabry  and  Perot  and  the  relative  wave-lengths 
of  the  P.  T.,  we  obtain  for  the  mean  accidental  error  of  a  wave- 
length   in    the    two    series    of    measurements,    ±:  0.0025   tenth- 
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meter.  The  sum  of  all  the  values  of  C  —  C  in  Table  VI  is 
zero,  whence  it  follows  that  the  curve  was  drawn  in  Fig.  i  with 
entire  accuracy. 

17.  It  is  seen  that  the  corrections  given  in  Table  VII  refer 
only  to  the  stretch  of  the  solar  spectrum  from  \  4600  to  \  6490 
observed  by  Fabry  and  Perot,  and  hence  there  arises  the  neces- 
sity, on  the  one  hand,  of  determining  the  values  of  C  for  the 
remaining  parts  of  the  P.  T.,  and,  on  the  other,  of  constructing 
a  similar  table  of  corrections  for  the  M.  St. 

First,  in  respect  to  the  determination  of  C  for  other  portions 
of  the  solar  spectrum,  I  made  the  attempt  of  utilizing  for  this 
purpose  the  plates  used  by  Rowland  himself  by  a  new  reduction. 
In  all  cases  where  a  portion  of  the  solar  spectrum,  falling  within 
a  range  of  Table  VII,  was  photographed  in  coincidence  with  any 
other  portion  of  the  solar  spectrum,  the  values  of  C  for  this 
particular  new  portion  of  the  spectrum  can  be  obtained  by 
applying    the    correction     from     Table    VTI.      It     unfortunately 
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TABLE  VII. 
Corrections  Cof  the  P.  T.  from  X4600  to  X6490. 

(Unit  is  o.ooi  tenth-meter.) 


46 

47 
48 
49 

50 
51 

52 
53 
54 

55 
56 

5S 
59 

60 
bi 
62 
63 
64 


° 

' 

-  8 

-  8 

-  6 

-  6 

-  4 
0 

-  3 
+  I 

+  5 
+  12 
+  19 
+20 
-  9 

+  6 
+  13 
+20 
+  19 
—  II 

-18 

-18 

—  20 

—  20 

-19 

—  19 

-17 

-17 

-13 

-13 

-  6 

-  5 

+  7 
+15 
+  12 
+  6 

+  8 
+15 
+11 

+  5 

-  6 

-  3 

+  I 

+  b 
+  13 
+20 
+18 


—  20 
-19 
-17 


-  4 
+   9 

+  15 
•+11 
+  4 


-  7 

-  5 

-  2 

+  I 

+  7 

+14 

+21 
+  16 


-19 
—  20 
-19 


—    2 

+  10 
+  15 
+  10 

+  4 


-  7 

-  5 

-  2 
+  2 

+  s 
+  15 
+21 
+13 
-H4 

-19 
—20 


+u 
+  15 
+  10 
+  3 


5 

6 

-  7 

-  5 

-  2 
+  2 

-  7 

-  5 

+  3 

+  8 
+16 
+21 
+  9 
-15 

+  9 
+  16 
--2 1 
+  4 
-15 

—  20 

—  20 

—  20 

—  20 

-19 

-18 

-16 

-15 

—  10 

-  9 

0 
+  12 
+  14 
+  9 
+  3 

+  I 
+13 
+  14 
+  9 
+  2 

-  7 

-  4 

-  I 
+  3 

+  10 
+  17 
+21 


-  7 

-  4 

-  I 


+  10 
+  iS 
+21 
-  5 
-16 


—  20  I  —20 


-18 
-IS 
-   9 

+  3 
+  14 
+14 
+  8 

+  I 


-18 
—  14 


+  4 
+  14 

+  13 
+  7 
+  I 


-  6 

-  4 
0 

+  4 

+  11 
+  IS 
+20 

-  7 
-17 


-14 
-  7 

+  5 
+15 
+13 
+  7 


appeared  that  the  material  available  for  this  purpose  was 
altogether  insufficient,  since,  for  the  reasons  above  mentioned, 
all  measurements  had  to  be  excluded  in  which  the  wave-lengths 
of  the  solar  spectrum  were  derived  from  coincidences  with  a 
metallic  spectrum  of  another  order.  I  was  able  to  derive  the 
values  of  the  correction  C  collected  in  Table  VIII,  which  are  of 
very  slight  accuracy,  from  the  few  coincidences  between  two 
parts  of  the  solar  spectrum  which  I  could  utilize. 
T.\BLE  VIII. 


3500 
3600 
3700 
3800 
3900 
4000 
4100 


—  0.004  tenth-meter 


The   corrections,  therefore,  appear  to    be   under   0.0 1   tenth- 
meter  for   this   reason.      W'c  nia\-  regard  as  comparatively  safely 


REVISIOX  OF  ROWLAND'S  WAVE-LENGTHS  1 83 

determined  only  the  stretch  from  \  3890  to  X  3990,  as  here  as 
many  as  seven  plates  in  two  different  orders  were  used  for  each 
line.  In  the  region  of  X  4300  C  appears  to  attain  more  apprecia- 
ble values,  but  for  this  place,  as  well  as  for  the  other  parts  of 
the  spectrum,  there  are  so  few  measurements  available  that  it  is 
impossible  to  derive  even  a  tolerably  certain  value  of  C  from 
Rowland's  observations. 

18.  The  necessity  is  thus  shown  of  securing  new  observations 
in  order  to  obtain  the  corrections  to  Rowland's  wave-lengths, 
and  since  the  apparatus  necessary  for  the  execution  of  such 
fundamental  measurements  is  not  available  to  me  at  present,  I 
should  be  glad  to  suggest  to  others  the  jjrosecution  of  these 
investigations.  On  account  of  the  great  importance  for  all 
spectroscopic  researches  of  the  production  of  as  accurate  and 
errorless  fundamental  system  as  possible,  it  is  desirable  that 
these  researches  should  not  be  carried  out  at  one  place  only,  but 
should  be  independently  undertaken  by  as  many  observers  as 
possible. 

There  are  three  different  problems  to  solve  which  mutually 
complete  and  check  each  other:  first,  the  corrections  C  for  all 
portions  of  the  P.  T.,  hence  for  the  entire  solar  spectrum,  should 
be  determined;  second,  the  amount  of  the  displacement  of  the 
iron  lines  in  the  solar  spectrum  should  be  accurately  determined 
b}'  photographs  giving  the  solar  spectrum  with  an  adjacent  arc 
spectrum  of  iron ;  and  tliird,  a  table  of  standard  lines  in  the  arc 
spectrum  of  iron  covering  the  whole  spectrum,  and  rigorously 
reduced  to  the  corrected  Rowland  system,  should  be  con- 
structed. 

19.  If  absolute  measurements  arc  made  for  the  purpose  of 
obtaining  the  corrections  C,  either  by  the  interference  method 
of  Fabry  and  Perot  or  in  any  other  way,  there  will  always  be 
obtained  in  addition  to  (7  a  new  determination  of  the  reduction 
factor  Fa-  However,  for  the  determination  of  C  it  is  only 
necessary  to  make  relative  measurements  in  the  solar  spec- 
trum, as  by  observations  of  coincidences  with  a  large  concave 
grating. 

20.  For  the  determination  of  the  disjilacement  of  the  lines  of 
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the  solar  spectrum  in  respect  to  the  arc  lines,  Jewell'  has  already 
Contributed  a  very  valuable  series  of  measures,  which  embraces 
the  iron  spectrum  from  X  3424  to  X4495,  and  also  includes  the 
lines  of  numerous  other  elements.  Such  measurement  should 
be  repeated  and  extended  to  all  regions  of  the  spectrum.  The 
■determination  of  these  differences,  which  I  shall  designate  by 
£),  the  sense  being  solar  spectrum  minus  arc  spectrum,  is  at 
the  present  moment  a  pressing  necessity  in  astrophysics.  An 
exhaustive  study  of  these  displacements  would  not  only  render 
possible  important  conclusions  as  to  the  distribution  of  the 
pressure  and  the  occurrence  of  the  metallic  \'apors  at  different 
altitudes  in  the  solar  atmosphert,  but  would  be  of  fundamental 
importance  in  the  determination  of  the  radial  velocities  of  the 
stars.  It  will  doubtless  for  a  long  time  be  the  case  that  for  all 
stars  of  the  second  type,  which  on  account  of  the  sharpness  of 
their  lines  are  particularly  adapted  for  accurate  determinations 
of  velocity,  the  most  reliable  wave-lengths  will  be  taken  from 
the  solar  spectrum,  since  we  may  assume  that  conditions  similar 
to  those  in  the  Sun  prevail  in  the  atmospheres  of  those  stars.  If 
in  the  computation  of  the  velocity  of  such  a  star  one  should 
employ  for  the  comparison  spectrum  the  wave-lengths  determined 
in  the  laboratory  and  referred  to  Rowland's  M.  St. —  as,  for 
instance,  Kaj^ser's  iron  standards — the  whole  amount  of  D, 
which  Rowland  did  away  with  bv  empirical  corrections,  enters 
into  the  velocity  and  vitiates  it.  If  we  assume  that  D  has  a 
value  of  -f- 0.015  tenth-meter  in  the  region  of  spectrum  near 
\  4400  chiefly  employed  for  stars  of  the  second  type,  then  every 
velocity  would  be  found  about  one  kilometer  greater  than  it 
should  be.  We  should,  however,  commit  precisely  the  same 
error  if  we  were  to  employ  the  same  wave-lengths  for  the  stellar 
and  comparison  spectrum,  as  is  always  the  case,  for  instance, 
when  the  method  of  coincidence  measures  is  used. 

21.  The  above-mentioned  series  of  measures  by  Jewell  is  the 
only  one  which  gives  wave-lengths  of  the  iron  spectrum  strictly 
referred  to  the  system  of  the  P.T.,  and  I  have  therefore  employed 
it  in  order  to  derive  at  least  provisional  values  of  the  corrections 

'  Loc.  cit.,  p.  lOf). 
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which  must  be  applied  to  Kayser's  standard  in  order  to  make 
them  also  comparable  with  the  P.  T.  Table  IX  contains  the 
comparison  of  the  lines  common  to  the  two  observers. 

TABLE  IX. 


Jewell 

K 

k 

Jewell 

K 

k 

3424-'144 

■  430 

+14 

3815.988 

987 

+  I 

3440.761 

.762 

—  I 

3820.568 

573 

-  5 

3441-145 

-1.38 

+  7 

3824.584 

591 

-  7 

3445  oOS 

.301 

+  7 

3826.025 

028 

-  3 

3490.722 

.721 

+  I 

3827.969 

967 

+  2 

3497-990 

.989 

+  I 

3856.515 

515 

0 

353&-704 

•  694 

+10 

3860.052 

054 

—  2 

35s  I -338 

■348 

—  10 

3886.415 

426 

-  9 

3617-934 

•944 

—  10 

3928.059 

073 

-14 

361S.912 

.918 

-  6 

4022.022 

029 

-  7 

3622.155 

.158 

-  3 

4045.964 

97S 

-14 

3647-983 

•  997 

-14 

4062. S97 

605 

-  8 

3687  -  597 

.609 

—  12 

4063.751 

755 

-  4 

•  3705.704 

.714 

—  10 

4071 .S98 

901 

-  3 

3720.075 

•  083 

-  8 

4199-263 

256 

+  7 

3724-519 

•577 

-  8 

4202. 194 

195 

—  I 

3731.084 

.  102 

-18 

4222.396 

387 

+  9 

3735-005 

.016 

—  II 

4271.917 

933 

-16 

3737-270 

.278 

-  8 

4325-921 

941 

—  20 

3745-691 

.710 

-19 

4352.900 

910 

—  10 

3748-406 

.409 

-  3 

4369-937 

954 

-17 

3749.628 

-634 

-  6 

4.376.097 

104 

-  7 

3758-376 

•381 

-  5 

4383-705 

724 

-17 

3763-932 

.940 

-  8 

4404.911 

929 

-18 

3767-336 

•339 

—  ^  • 

4415.286 

301 

-15 

3788.023 

•  031 

-  8 

4447-886 

907 

—  21 

3795-144 

.149 

-  5 

4494-749 

755 

-  6 

The  differences  in  the  third  column,  /('  =  Jewell  —  K.,  exhibit 
some  rather  large  leaps  between  the  individual  lines,  which  are 
chiefly  due  to  accidental  errors  of  measurement  by  Jewell.  I 
have  smoothed  out  these  figures  graphically  and  give  in  Table  X 
the  values  of  the  correction  k  thus  found. 

22.  The  construction  of  a  table  of  standard  lines  of  the  arc 
spectrum  of  iron  rigorously  referred  to  the  corrected  Rowland 
system,  which  should  serve  as  the  basis  for  all  laboratory  meas- 
urements, can  be  accomplished  in  two  different  wavs.  In  the 
first  place,  we  may  de[)art  from  the  relation  given  above  in  sec- 
tion 16, 

X  =  (F.  and  P.)  •  F.,   ; 

that  is,  we  may  reduce  to  the  Rowland  system  the  wave-lengths 
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For  the  Reduction  of  Kayser's  Iron  Stand- 
ards TO  THE  System  of  the  P.  T. 


A 

k 

A 

k 

3400 

+  9 

3950 

—  II 

3450 

4-  6 

4000 

—  10 

3500 

+  2 

4050 

-  7 

3550 

-  3 

4100 

-  4 

3600 

—  7 

4150 

—  I 

3650 

—  10 

4200 

0 

3700 

—  II 

4250 

—  2 

3750 

-  8 

4300 

-  7 

3800 

-  5 

'    4350 

-13 

3850 

-  6 

4400 

-16 

3900 

-  9 

4450 

-14 

3950 

—  11 

4500 

—  10 

in  the  iron  spectrum  measured  by  Fabry  and  Perot  bv  multiply- 
ing them  with  the  factor  F„~  1.0000340  found  from  their  meas- 
ures in  the  solar  spectrum,  and  then  connect  to  them  lines  in  all 
parts  of  the  iron  spectrum  h\  the  coincidence  method.  Instead 
of  the  iron  lines  of  Fabry  and  Perot  we  may  employ  the  other 
metallic  lines  determined  by  interference  methods  by  these 
observers  as  well  as  by  Michelson  and  by  Hamy,  the  wave- 
lengths of  which,  as  reduced  to  Rowland's  system,  I  have  col- 
lected  in  Table  XI. 

The  following  remarks  should  be  made  in  regard  to  this  list 
of  standard  lines.  Rowland's  system  gives  the  wave-lengths  in 
air  at  760  mm  pressure,  and  at  +20°  C,  while  Michelson's  cad- 
mium standards  are  referred  to  air  at  760  mm  pressure  and  at 
+  15°  C.  I-'abry  and  Perot,  therefore,  properly  ought  first  to 
reduce  their  wa\c-lengths  to  +  20°  before  comparing  with  tlie 
P.  T.  But  this  correction  is  precisely  proportional  to  the  wave- 
length, for  the  stretch  from  \  4000  to  X  7000,  being  here 

Ajo,  =  1 .  0000047  A,.    • 
This  reduction    factor   is   therefore    contained    in    the    values    of 
F  computed   by   Fabry   and    Perot,  and    hence   also   in  /'",  ,•   and 
accordingly  the  wave-lengths  are  at   the   same   time  reduced  to 
-|- 20°   when    tiiey  are    multi[)lio<l    by   /'„.     The   values    of   X   in 
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A 

Element 

Obsener 

K 

Element 

Observer 

4358-491 

Hg 

F.  and  P. 

5460.9281 

Hs 

F.  and   P. 

4662. 51 17 

Cd     . 

H. 

5465.675 

Ag 

" 

4680.297 

Zn 

F.  and  P. 

5506.970 

Fe 

4722.325 

Zfi 

" 

5586.965 

Fe 

" 

4736.946 

Fe 

5615.848 

Fe 

4800.0739 

Cd 

M. 

5763.219 

Fe 

" 

4810.699 

Zn 

F.  and   P. 

5769.7946 

Hg 

" 

4859.928 

Fe 

5782.2.^7 

Cu 

" 

5002.057 

Fe 

" 

5782.356 

Cu 

" 

5083.518 

Fe 

" 

5790.8562 

Hg 

•' 

5085.9969 

Cd 

M. 

5890. 165 

Na 

'* 

50S6.O754 

Cd 

H. 

5896.132 

A'a 

" 

5105.717 

Cti 

F.  and  P. 

6065.695 

Fe 

" 

5153.426 

Cu 

" 

6230.945 

Fe 

5 1 54  8363 

Cd 

H. 

6325-3853 

Cd 

H. 

5209.258 

Ag 

F.  and   P. 

6362.561 

Zn 

F.  and  P. 

5218.379 

Cu 

6438. 691 1 

Cd 

M. 

5233- 132 

Fe 

" 

6495-213 

Fe 

F.  and  P. 

5302.501 

Fe 

" 

6708.074 

Li 

" 

5434-710 

Fe 

Table  XI   are  consequently  rigorously  referred  to  the  corrected 

Rowland  system  \? .  T.  +  C).     The  true  value  of  the  reduction 

factor,  depending  only  on   the   absolute   measurement,  or  upon 

the  comparison  with  the  standard  of  length,  is  therefore 

1 .0000340 

=1.0000203  . 

I .0000047 

The  large  difference  between  the  wave-lengths  of  the  cad- 
mium lines  at  \5086,  as  determined  by  Michelson  and  by  Hamy, 
may  possibly  be  explained  by  the  somewhat  different  character 
of  the  light  sources  used  by  the  two  observers ;  as  to  this  point, 
see  the  articles  by  Fabry  and  Perot,"  Hamy,^  and  Bell.^  In  view 
of  the  great  importance  which  these  figures  have  in  the  con- 
struction of  a  new  fundamental  system  of  wave-lengths,  it  is 
nevertheless  necessary  that  the  values  of  Table  XI  should  be 
established  with  entire  certainty  by  independent  series  of  meas- 
urements by  different  observers. 

23.  Another  way  for  constructing  a  list  of  iron  standards 
accurately  referred  to  Rowland's  corrected  system  is  as  follows: 

■  Comptes  Rendus,  130,  653,  1900;  Astrophysical  Journal,  16,  36,  1902. 

'  Comples  Rendus,  130,  700,  1900.         3  Astrophysical  Journal,  15,  157,  1902. 
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A  perfectly  correct  system  of  relative  wave-lengths  of  iron  (A-') 
should  be  established,  at  first  whoUv  without  regard  to  the  abso- 
lute wave-lengths,  either  by  interference  measurements  or  by- 
means  of  coincidences  obtained  with  a  large  concave  grating. 
The  wave-lengths  of  the  same  lines  on  the  sj-stem  of  the  P.  T.  is 
obtained  by  the  above-mentioned  (20)  measures  of  displace- 
ments in  the  solar  spectrum.  F  is  obtained  by  the  division  of 
the  two  wave-lengths  thus  found  for  each  line,  and  thereafter  the 
reduction  factor  F^  is  obtained  by  taking  the  means,  and  then 
the  wave-lengths  of  the  iron  lines  measured  are  transferred  to 
the  Rowland  system  by  means  of  F^.  Hence  the  reduction  is 
made  by  the  formula  * 

II  Zw  A. 

where  n  is  the  number  of  lines  measured,  and  then 
X^FX'. 

24.  For  more  convenient  examination  I  will  summarize  here 
the  relationships  so  far  employed  and  the  conditions  which  con- 
nect them  : 

The  true  Rowland  system  at  present  current  is  represented  by 
the  wave-lengths  (P.  T.)  of  the  "Preliminary  Table  of  Solar 
Spectrum  Wave-Lengths." 

The  P.  T.  contain  slowly  progressing  inequalities,  for  remov- 
ing which  the  corrections  Care  to  be  applied.  The  wave-length 
of  a  line  of  the  solar  spectrum  on  the  corrected  Rowland  system 
is  therefore 

A0  =  P.  T. +  C.  {a)- 

Rowland's  standards  in  the  arc  spectrum  (  M.  St.)  have  been 
systematically  vitiated  by  the  application  of  empirical  correc- 
tions in  a  manner  that  cannot  be  checked,  and  therefore  they 
cannot  be  used  as  a  basis  for  accurate  measures.  The  system  of 
iron  standards  {K.)  of  Kayser,  which  is  accurately  referred  to 
the  M.  St.,  must  therefore  receive  the  corrections  k  in  order  to 
be  comparable  with  the  P.  T.,  and  the  wave-length  of  an  iron 
line  on  the  corrected  Rowland  system  is  accordingly 
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There  exists  between  \  0  and  Xj/  the  relation 

wherein  it  must  be  remembered  that  D  may  change  its  value 
from  line  to  line  by  leaps,  and  therefore  cannot  be  interpolated, 
as  can  C  and  k. 

It  follows  from  equations  [a)  and  [c')  that 

P.  T.-  D  =  A,,  -  C  .  (d) 

The  wave-lengths  of  metallic  lines  published  by  Jewell  give 
the  values  P.  T.  —  Z*,  and  must  therefore,  according  to  (^),  be 
corrected  by  the  amount  +  C.  in  order  to  furnish  the  correct 
wave-lengths  : 

A„=(Jevvell)  +  C.  {e) 

For  the  determination  of  k  we  get  from  (^)  and   [c) 

^■=  (Jewell) -A-.  (/) 

If  \'  are  entirely  correct  relative  wave-lengths,  in  order  to 
refer  them  to  the  solar  spectrum,  we  have  either 

P.  T. 

whence  the  values  of  C  follow  from  [a);  or,  if  the  \'  referred  to 
metallic  lines, 

"       «  Zrf  A,V  (//) 

Kt/  =^  F„  A..,,  , 
whence  C  may  be  obtained  from  («'). 

If  the  X'  in  (^g)  and  (A)  were  obtained  by  relative  measure- 
ments, the  values  F^  have  no  general  meaning;  but  if  they  were 
determined  by  absolute  measurements  —  as,  for  instance,  in  the 

system  of  Michelson  or  Fabry  and   Perot  —  then  -^  is  the  factor 

for  converting  the  corrected  Rowland  system  into  the  absolute 
meter  system  ;  that  is, 

X,bs.  ^  -jp   ■  (0 

According  to  Michelson's  determination,  if  the  wave-lengths 
have  been  previously  reduced  to  the  same  temperature  of  the 
air,  the  value  of 

F^^i  .0000293  ■ 
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Use  will  be  made  of  this  conversion,  however,  only  in  very 
rare  cases  where  the  absolute  values  ot  the  wave-lengths  are 
employed.  For  most  investigations,  particularly  in  astrophysics, 
it  is  enough  to  employ  the  correct  wave-lengths  X,  which  can 
easily  be  derived  from  all  series  of  observations  made  up  to  the 
present  and  referred  to  the  Rowland  sj-stem,  by  the  application 
of  the  small  corrections  C,  D,  and  k. 

Potsdam,  Astrophvsikalisches  Observatoril'm, 
June  1903. 


THE    PEROT- FABRY   CORRECTIONS    OF    ROWLAND'S 

WAVE-LENGTHS. 

By  Louis  Bell. 

L.AST  year  in  this  Journal'  I  took  occasion,  in  discussing  the 
discrepancies  between  the  wave-length  measured  by  gratings  and 
by  the  interferometer,  to  call  in  question  the  validity  of  the  cor- 
rection curve  deduced  by  M^L  Perot  and  Fabry  for  Rowland's 
relative  wave-lengths.  Their  most  courteous  reply''  seems  to 
call  for  some  comment,  as  it  still  leaves  the  main  issue  in  doubt. 
The  corrections  deduced  b)'  them  are  actually  of  small  magni- 
tude, never  greater  than  0.03  tenth-meter  and  on  the  average 
less  than  0.02  tenth-meter^ — so  small,  in  fact,  that  were  they 
purely  accidental,  they  would  be  negligible  for  most  spectro- 
scopic purposes.  The  serious  feature  of  the  case  is  that  if  the 
reality  of  these  corrections  as  systematic  errors  is  established,  a 
grave  doubt  is  raised  as  to  the  sufficiency  of  the  grating  for  the 
determination  of  relative  wave-lengths  by  the  method  of  coinci- 
dences. The  minute  care  with  which  Rowland's  measures  were 
made  is  well  known,  and  if  the  method  itself  proves  to  have  been 
faulty,  spectroscopists  are  left  entirely  at  sea  for  any  practical 
method  of  establishing  relative  wave-lengths  in  ordinarj'  spectro- 
graphic  work.  If  an  error  of  even  0.02  tenth-meter  is  due  to 
systematic  causes,  errors  many  times  greater  may  reasonably  be 
expected  under  less  favorable  conditions. 

For  absolute  measures  the  grating  must  be,  as  I  have  already 
shown,  definitely  put  aside  for  good  and  sufificient  cause, 
although  I  do  not  consider  that  even  the  beautiful  work  of 
Michelson  and  Benoit  can  yet  be  accepted  as  a  final  result  within 
several  times  its  apparent  probable  error.  The  purely  metro- 
logical  difficulties,  well  known  to  those  who  are  familiar  with  the 
comparison  of  standards  of  length,  are  sufficient  to  imply  some 
uncertainty.     Michelson's  value  is,  however,  much  more  reliable 

'AsTROPHYSicAL  Journal,  15,  157,  1902. 

'Ibid.,  16,  36,  1902.  ^Ibid.,  15,  272,  1902. 
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than  any  other,  and  is  very  properly  accepted  universally  as  the 
standard. 

As  regards  relative  measurements  the  case  is  different.  The 
closeness  of  agreement  instanced  by  Perot  and  Fabry  regarding 
their  own  measures'  can  be  duplicated  without  especial  difficulty 
in  the  higher  orders  of  a  long-focus  concave  grating.  The  rela- 
tive convenience  of  the  two  procedures  depends  on  the  nature 
of  the  research  undertaken.  Precision  of  setting,  in  methods 
both  essentially  micrometrical,  is  not  the  issue  here  involved.  It 
is  of  fundamental  importance  to  determine  whether  the  grating 
method  is  or  is  not  beset  by  systematic  errors  which,  small  in 
the  case  cited,  may  become  serious.  And  I  must  here  reiterate 
that,  while  systematic  errors  may  exist  in  that  or  any  other 
method,  the  evidence  adduced  by  Perot  and  Fabry  is  insufficient 
to  establish  them. 

In  the  first  place  one  must  recur  to  that  extraordinary  result 
of  Hamy'^  for  the  wave-length  of  the  green  cadmium  line.  In 
this  instance  the  relative  values  assigned  by  Hamy  and  by 
Michelson  differ  by  0.079  tenth-meter,  a  quantity-  four  times 
greater  than  the  differences  which  Perot  and  Fabry  have  sought 
to  establish  by  reference  to  this  same  green  line  assumed  as  a 
standard.  It  is  quite  true  that  the  experimenters  used  different 
sorts  of  vacuum  tubes,  but  the  observed  pressure  shifts  of  the 
Cd  lines  do  not  account  for  any  such  difference  as  that  here 
found  ;  and  if  they  did,  it  would  merely  show  such  hypersensi- 
tiveness  to  slight  changes  in  excitation  as  would  indicate  that 
the  line  in  question  is  a  very  shifty  standard.  The  other  alterna- 
tives are  a  downright  error  in  the  application  of  interference 
methods,  or  a  shifting  of  the  apparent  place  of  the  line  under 
differences  of  illumination.  Until  this  matter  is  cleared  up  the 
green  Cd  line  is  certainly  open  to  suspicion,  and  while  Perot  and 
Fabry  have  not  heretofore  had  occasion  to  note  its  possible 
variability,  they  may  actually  have  been  measuring  it  in  the  case 
under  discussion.  The  point  is  one  which  can  be  settled  only 
by  a  thorough  investigation. 

Another  source  of  incertitude  in  measures  carried  out  by  the 

^ Ibid.,  15,  263,  1902.  't'.  /i'.,  130,  4Sq,  IQOO. 
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method  of  Perot  and  Fabry  is  one  common  to  all  micrometric 
comparisons  of  dark  and  bright  lines  —  viz.,  the  difficulty  of 
treating  such  lines  or  diffraction  rings  just  alike  in  making  the 
settings.  The  consistency  of  the  results  does  not  carry  proof 
that  there  is  no  error  introduced  in  locating  the  centers  of  the 
respective  objects,  and  that,  if  such  an  error  occurs,  it  will  remain 
constant  when  the  color  of  the  bright  line  or  field  changes.  The 
experiments  of  Reese'  and  of  Hasselberg''  show  very  plainly 
that  such  errors  occur  in  micrometric  measures  of  photographic 
plates  and  that  they  are  by  no  means  negligible  in  amount.  In 
these  cases  cited  they  partake  of  the  nature  of  a  personal  etjua- 
tion  which  may  or  may  not  have  the  same  sign  for  different 
observers.  Whether  the  difference  in  the  readings  b}^  two 
observers  having  personal  equations  of  the  same  sign  would  be 
comparable  in  size  with  their  common  error  would  be  a  matter 
of  chance.  The  smaller  the  absolute  error,  the  less  likely  per- 
ceptible differences  in  it. 

The  general  experience  of  spectroscopists  is  that  it  is 
extremely  difficult  to  treat  a  bright  line  and  a  dark  line  just 
alike  with  the  micrometer.  The  same  difificulty  extends  to  com- 
paring lines  of  widely  different  appearance  in  general.  And 
even  supposing  the  personal  equations  of  MM.  Perot  and  Fabry 
to  have  been  zero,  it  still  remains  to  be  shown  that  the  dark 
diffraction  ring  as  measured,  having  been  obtained  through  a 
rather  wide  slit,  correctly  represents  the  wave-length  of  the  line 
as  it  would  be  set  upon  in  the  grating  spectrum  itself.  Analogy 
would  suggest  the  negative,  and  it  would  be  most  extraordinary 
if  the  variation  remained  uniform  in  fields  of  different  colors  and 
intensities. 

Difficulties  of  this  sort  appear  in  every  branch  of  spectro- 
scopy when  dealing  with  quantities  of  the  order  of  magnitude 
attacked  by  Perot  and  Fabry,  and  arc  most  aggravated  in  com- 
paring bright  and  dark  lines.  Even  in  Hasselberg's  plates, 
which  were  on  a  large  scale  and  uncomjjlicated  by  the  question 
of  color  differences,  the  errors  exceeded  0.0 1  tenth-meter. 

In   my  previous  paper   I    referred   to   a   discrepancy  between 

■  ASTROPHYSICAL  JOURNAL,  15,  I42,   I902.  "//;;,/.,  15,  2oS,   I902. 
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Perot  and  Fabry's  correction  curve  and  their  value  for  the  Zfi 
line  at  X48iO-f.  The  difference,  as  they  remark,  is  in  the 
direction  which  would  be  produced  by  pressure-shift ;  but  Row- 
land's measures  on  the  arc  agree  with  his  solar  value  to  0.002 
tenth-meter,  and  the  pressure  shift  for  Zn,  as  found  by  Hum- 
phreys and  Mohler,"  accounts  for  only  one-fourth  of  the  out- 
standing difference  of  0.02  tenth-meter.  The  error  may  be 
Rowland's,  or  Perot  and  Fabry's,  or  due  to  both,  but  it  is  much 
larger  than  the  ostensi'ole  probable  errors  of  either. 

A  far  more  serious  source  of  error  is  the  apparent  neglect  by 
Perot  and  Fabry  of  the  correctio^ns  for  the  Earth's  annual  and 
diurnal  changes  of  relative  velocit)-.  Perot  and  Fabry  very  care- 
fully eliminated  the  velocity  shift  due  to  the  Sun's  rotation,  but 
I  find  no  record  of  corrections  for  the  Earth's  motion,  which  is 
almost  equall)'  important.  This  error  affects  all  comparisons  of 
solar  and  terrestrial  sources,  but  of  course  does  not  appear  in 
comparisons  of  solar  or  terrestrial  sources  by  themselves. 

Frost ^  has  examined  these  errors  and  finds  for  the  correction 
due  to  the  eccentricity  of  the  Earth's  orbit  a  value  varying  from 
0  to  4r0.oi  tenth-meter  as  the  Earth  shifts  from  perihelion  or 
aphelion  to  quadrature,  the  latter  being  reached  in  April  and 
October.  The  value  I  here  note  is  for  the  green  of  the  spectrum. 
Similarly  the  variation  with  hour-angle  amounts  in  the  latitude 
of  Paris  to  about  0.006  X  sin  /  tenth-meter  in  the  green.  These 
(juantities  are  quite  comparable  with  those  which  Perot  and 
P^abry  have  sought  to  evaluate,  and  must  be  reckoned  with  in 
every  comparison  of  solar  and  metallic  spectra,  although  gener- 
ally, if  not  universally,  neglected. 

Any  one  of  the  sources  of  error  which  I  have  here  noted  is 
sufficient  to  account  for  the  apparent  systematic  variations  in 
Rowland's  relative  wave-lengths  found  by  Perot  and  Fabry,  and 
until  they  are  eliminated,  one  and  all,  it  is  unsafe  to  assume  that 
Rowland's  relative  values  involve  errors  other  than  accidental. 
The  differences  found  are  much  greater  than  the  probable  errors 
of  reading  either  with  the  grating  or  the  interferometer,  and 
deserve  further  investigation;  but  they  certainly  should   not  be 

^Ibid.,  3,  114,  1896.  'Ibid.,  10,  2S3,  1900. 
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charged  up  to  systematic  errors  introduced  in  Rowland's  method 
of  coincidences  until  the  method  used  to  determine  them  is 
cleared  of  the  uncertainties  which  have  here  been  noted.  I  do 
not  hold  Rowland's  work  as  in  the  least  sacrosanct,  and  I  greatly 
admire  the  elegant  method  adopted  by  MM.  Perot  and  Fabry; 
but  the  matter  at  stake  is  the  validity  of  relative  wave-lengths 
measured  with  the  grating. 

The  whole  discussion  tends  to  confirm  the  opinion,  expressed 
in  my  previous  paper,  that  at  about  o.oi  tenth-meter  the  pre- 
cision of  wave-length  measurements  rests  on  a  somewhat  shaky 
foundation  on  account  of  numerous  and  varied  small  sources  of 
error,  which  it  is  to  be  hoped  will  eventually  be  eliminated. 

The  attempt  of  Eberhard'  to  confirm  the  results  of  Perot  and 
Fabry  from  the  wave-length  measurements  of  Miiller  and  Kempf 
is  interesting,  but  somewhat  unconvincing.  In  Fig.  i  I  have 
plotted  the  variations  from  Rowland's  tables  of  the  individual 
lines  studied  by  Eberhard,  together  with  some  others  of  Miillcr 
and  Kempf's  lines  easily  identified  on  Rowland's  map.  The 
result  is  ragged  in  the  extreme,  and  shows  the  futility  of  using 
such  data  to  define  supposed  errors  eight  or  ten  times  smaller 
than  the  variations  in  the  data.  The  similarities  between  Perot 
and  Fabry's  and  Miiller  and  Kempf's  curves,  as  shown  bv  Eber- 
hard, seem  to  be  mainly  due  to  the  process  of  averaging.  The 
differences  are  conspicuous.  For  instance,  as  between  Rowland 
and  Perot  and  Fabry  there  is  practically  a  constant  difference 
from  X  5900  to  X  5600.  But  in  this  particular  region  the  differ- 
ence between  Rowland  and  Miiller  and  Kempf  is  var3-ing  with 
great  rapidity.  The  greatest  abnormality  between  R.  and  P.  and 
F.  is  at  \  5200,  while  between  R.  and  M.  and  K.  there  are  two 
regions  of  about  equally  great  variation,  one  at  X  5300,  the  other 
at  X  6300.  Add  to  this  the  wideness  of  the  apparent  variations 
shown  by  M.  and  K.  as  compared  with  those  shown  by  P.  and 
F.,  and  I  do  not. see  how  one  can  avoid  the  conclusion  that  the 
former  are  entirely  worthless  as  confirmatory  evidence.  In  Fig. 
I  I  have  shown  in  addition  the  relation  of  Rowland's  values  to 
those  obtained  in  absolute  measure  by  Thalen.''      These,  as  might 

^  Ibid.,  17,  141,  1903.  ^  Nova  Acta  Upsala,  1899. 


196 


LOUIS  BELL 


be  anticipated,  are  in  vastly  better  accord  with  each  other  than 
the  measures  of  Miiller  and  Kempf,  in  which  great  skill  was 
handicapped  by  poor  gratings  ;  but  in  relative  values  they  do  not 
agree  with  either  M.  and  K.  or  P.  and  F.  Thalen  shows  an 
abnormal  region  at  about  X  5150,  near  that  located  by  P.  and  F., 


Thalen 
F.&P. 


but  toward  the  red  the  two  sets  diverge,  Thalen  indicating  almost 
a  constant  difference  from  Rowland  and  showing  no  such  extraor- 
dinary difference  at  \  5500  as  is  found  in  M.  and  K.  In  short, 
Perot  and  Fabry,  Miiller  and  Kempf,  and  Thalen  agree  neither 
with  Rowland  nor  with  each  other,  the  variations  being  conspic- 
uously greater  than  the  probable  errors  in  each  case.  Rowland's 
values  may  very  possibly  be  in  error,  but  they  obviously  cannot 
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concurrently  err  by  three  different  and  considerable  amounts  at 
the  same  point.  Considering  the  methods  employed  and  the 
magnitudes  of  the  supposed  errors  located  by  Perot  and  Fabry 
it  is  in  no  wise  hypercritical  to  say  that  only  the  results  of  these 
latest  experimenters  can  be  taken  seriously.  I  hope  ere  long, 
through  the  courtesy  of  Mr.  Jewell,  to  ha\-e  at  hand  a  direct 
recomparison  of  certain  of  Rowland's  lines  which  will  confirm  or 
reject  the  differences  found  by  Peroi  and  Fabry  between  the 
regions  circa  \  5200  and  5700.  Meanwhile  these  differences 
should  be  taken  to  heart  as  a  lesson  in  the  relation  between 
probable  and  possible  errors. 

Boston,  July  1903. 


ON   THE    SPECTRUM    AND    RADIAL    VELOCITY 
OF  X  CYGNI. 

By    G.    E  B  E  R  H  A  R  D. 

The  well-known  variable  %  Cygni  has  been  observed  by  me 
at  its  last  two  appearances  in  1901  and  1902  with  the  aid  of  the 
excellent  spectrograph  IV,  designed  by  Vogel  for  the  Potsdam 
photographic  refractor  (32.5cm).  The  results  obtained  during 
its  appearance  in  igoi  have  already  been  published  in  No.  3765 
of  the  Asironomische  Nachrichte^i.  The  observations  of  1902, 
however,  indicate  departures  in  some  respects  from  the  star's 
behavior  in  the  year  preceding,  and   for  this  reason  it  may  be 
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well  to  insert  here  brief!}',  at  the  appropriate  places,  the  principal 
results  from  the  above-mentioned  communication. 

The  star  %  Cygni  has  a  very  weak  absorption  spectrum,  on 
which  an  emission  spectrum  of  very  bright  hydrogen  lines  and 
some  essentially  weaker  metallic  lines  are  superposed.  While 
the  bright  //7  line  at  the  time  of  the  light  maximum  of  %  Cygni 
requires  an  exposure  which  corresponds  to  a  star  of  the  first  type 
and  second  or  third  magnitude,  it  is  necessary  to  expose  for  the 
continuous  spectrum  as  long  as  for  a  star  of  the  first  type,  but 
of  about  the  sixth  magnitude.  On  this  account  it  i.s  unfortu- 
nately impossible  to  obtain  a  good  photograph  of  the  continuous 
spectrum  except  at  the  time  of  the  light  maximum,  and  even 
then  only  on  those  evenings  during  which  favorable  atmospheric 
conditions  prevail,  while  the  bright  //y  line  is  easily  photograph- 
able  even  when  the  brightness  of  the  star  is  still  less. 

The  measurement  of  the  bright  H"^  line  and  the  equally  bright 
Fe  line  at  X4308  gave  for  the  year  1901  the  radial  velocity 
indicated  in  the  preceding  table. 

In  good  agreement  with  those  figures  is  the  radial  velocity  of 
the  star  obtained  in  1902  : 
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In  this  tabic  it  is  to  be  noted  that  the  estimates  of  the  mag- 
nitude of  the  variable  in  terms  of  the  usual  comparison  stars 
were  made  only  incidentally,  and  can  therefore  make  no  claim 
to  precision,  and  the  given  magnitudes  may  perhaps  be  uncertain 
by  several  tenths.  The  //^  line  presented  the  same  appearance 
during  both  years;  it  was  hazy  toward  the  red,  as  was  also  Hh. 
This  caused  an  uncertainty  in  the  measurement,  since  it  was  not 
easy,  particularly  in  the  case  of  fully  exposed  plates,  always  to 
judge  in  the  same  manner  as  to  the  place  of  maximum  intensity 
which  is  set  upon  throughout  the  measurement.  The  figures 
given  for  the  single  plates  show  this  clearly.  I  sometimes  got 
the  impression,  particularly  on  jllate  1169,  that  //^  was  double  ; 
but  this  question  could  not  be  decided  with  certainty  in  view  of 
the  comparatively  slight  linear  extent  of  the  spectrograms.  The 
much  fainter /y'  line  at  X4308  could  be  measured  onlv  on  the 
plates  of  1901,  and  it  was  only  just  at  the  close  of  the  observa- 
tions of  the  next  year  that  it  was  visible  at  all,  and  then  it  was 
too  faint  for  measurement. 

Nothing  in  the  way  of  a  law  appears  in  the  separate  figures  of 
the  above  tables,  so  that  we  are  well  justified  in  assuming  that 
the  radial  velocit}-  of  the  portions  of  %  Cygni  showing  the  emis- 
sion lines  is  constant  and  about  —20  km.  The  comparatively 
large  departures  of  the  individual  values  from  the  mean  are 
probably  less  to  be  attributed  to  alterations  in  the  form  of  the 
H<^  line  than  to  the  uncertainty  of  the  observer  as  to  the  proper 
place  at  which  to  make  the  setting. 

The  continuous  spectrum  of  x  Cyg'ii  varies  much  from  that  of 
the  Sun  between  X4200  and  X4435,  perhaps  most  closely  resem- 
bling that  of  a  Hciridis.  The  intensities  of  many  lines  —  as,  for 
instance,  those  of  Ca  and  Vn  —  are  wholly  different  from  those 
in  a  star  of  the  second  t^-pe.  Many  of  the  characteristic  iron 
lines  are  partially  concealed  by  the  Fe  emission  lines.  In  all 
about  seventy  lines  could  be  recognized  between  X  4200  and 
X  4435  on  the  fully  exposed  plates,  and  I  have  made  the  attempt 
to  identify  these  with  known  lines  of  the  elements. 

The  presence  of  Ca,  Ti,  Cr,  Va,  Fc,  and  Mg  could  be  estab- 
lished, and,   in   fact,   practically  all   the   principal   lines  of  these 
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metals  were  present.  Several  of  the  absorption  lines  of  iron 
were  in  1901,  as  already  stated,  partially  concealed  by  the  iron 
emission  lines;  for  instance,  those  at  X441  5.29,  4383.71,  4325.94, 
4308.06.  But,  on  the  contrary,  no  such  superposition  could  be 
determined,  and,  indeed,  the  Fe  emission  lines  did  not  appear  at 
all  until  the  brightness  of  the  star  was  again  rapidly  decreas- 
ing. 

There  were  a  large  number  of  lines,  particularl}-  of  the  broader 
ones  (presumably  groups),  which  I  could  not  assign  to  any  ele- 
ment with  any  degree  of  probability.  I  do  not  give  these  in 
detail  here,  since  a  minute  knowledge  of  the  spectrum  of  %  Cygni 
will  not  be  attained  until  a  bright  star  of  the  same,  or  at  least  of 
a  similar,  character  (such  as  o  Ceti  at  a  principal  maximum)  has 
been  investigated  with  an  instrument  of  the  greatest  possible  dis- 
persion. On  account  of  our  still  too  limited  knowledge  of  the 
continuous  spectrum,  there  is  only  a  small  number  of  tolerably 
unobjectionable  lines  at  our  disposal  for  a  determination  of 
velocity.  Based  upon  twelve  and  eighteen  such  selected  lines 
the  radial  velocity  of  the  portion  of  %  Cygni  producing  the  con- 
tinuous spectrum  resulted  as  follows  : 

IQOI  -|- 2.5  km  Plate  772  IQ02  —1.3  km  Plate  1 162 

+  2.3  77+  -3-3 "65 

Mean  -f  2.4  km  —2.3  km 

I  was  at  first  of  the  opinion  that  this  not  particularly  large 
difference  of  the  values  of  the  radial  velocity  was  perhaps  to  be 
attributed  to  flexures  in  the  apparatus  during  the  comparatively 
long  exposure  of  from  two  to  four  hours.  This  is,  however,  not 
very  probable,  since  with  these  long  exposures  the  Fe  compari- 
son spectrum  was  for  precaution  taken  both  at  the  beginning  and 
end  as  well  as  at  the  middle  of  the  exposure;  moreover,  the 
plates  were  made  at  neither  very  large  nor  very  different  hour 
angles,  the  middle  of  the  exposures  falling  in  every  case  near 
the  meridian.  Furthermore,  if  such  flexures  actually  occur,  the 
radial  velocities  of  these  plates,  as  deduced  from  the  bright  H'y 
line,  should  exhibit  especially  large  deviations  from  the  mean 
values,  which  is  not  the  case.      Hitherto  an  appreciable  effect  of 
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flexure  has  not  appeared  on  the  plates  taken  with  spectrograph 
IV,  and  temperature  changes  are  excluded  bv  the  continuous 
careful  supervision  of  the  electric  heating',  so  that  we  may 
assume  for  the  present,  with  a  high  degree  of  probability,  that 
the  portion  of  %  Cygni  producing  the  continuous  spectrum  has  a 
variable  radial  velocity.  Further  observations  will  be  required, 
however,  for  the  certain  decision  of  this  matter,  and  I  therefore 
plan  to  continue  the  spectrographic  observations  of  x  Cyg?ii  dur- 
ing this  year,  particularly  in  respect  to  the  above  question,  the 
solution  of  which  is  of  the  greatest  importance  for  the  explana- 
tion of  the  phenomena  presented  by  a  variable  of  this  sort. 

It  is  in  any  case  quite  remarkable  that  x  Cygni  exhibits  the 
same  behavior  as  o  Ceti  in  the  fact  that  for  both  stars  the  emis- 
sion spectrum  is  displaced  toward  the  violet  of  the  absorption 
spectrum,  contrary  to  the  manner  in  the  case  of  the  temporary 
stars.  On  June  i  (Plate  D  1 1 5  ;  exposure  90  m)  and  June  9, 
1899  (D116;  exposure  150  m),  two  plates  of  %  Cygni  were 
made  by  Dr.  Ludendorff  and  myself  with  spectrograph  III,  which 
showed  //7,  Hh,  H^,  HQ,  and  Hi,  to  be  bright,  Hf.  being  lacking 
on  account  of  the  strong  calcium  absorption.  •  Hh  is  by  far  the 
strongest  line.  A  bright  line  having  the  wave-length  3905.8  also 
appears,  and  therefore  coincides  with  the  principal  line  at  3905.7 
(Rowland)  in  the  arc  spectrum  of  silicon.  I  followed  up  this 
interesting  fact  and  found  that  the  line  also  occurred  in  a  spec- 
trum of  Mira  Ceti  obtained  by  Dr.  Ludendorff  and  myself  in 
1899,  '1"'^  th^*^  '"^  ^''^^  'I'so  doubtless  measured  by  Vogel'  in 
earlier  plates  of  this  star  (\  3906).  The  fact  that  the  bright  ///3 
line  was  not  present,  although  observed  by  Miss  Maury ,^  is  to 
be  attributed  to  the  fact  that  light  of  this  wave-length  is  united 
too  far  from  the  focus  of  the  region  (^^7  to  H%)  ordinarily  used, 
both  for  the  photographic  refractor  and  for  spectrograph  D. 

On  the  plates  of  1899,  1901,  1902  there  is  further  present 
between  \  4000  and  X  4200  a  scries  of  strong  brightenings, 
giving  the  impression  of  broad  bright  lines.     There  is  a  particu- 

'"  Ueber  das  Spectrum  von  Mira  Ceti"  Silziingsberichte  der  K.  AkaJ.  Jer  Wiss. 
zii  Berlin,  17,  395,  1896. 

^Annals  of  Harvard  College  Observatory,  28,  I,  98. 


SPECTRUM  OF  x  CYGNI  203 

larly  strong  band  of  this  sort  at  \4138,  and  one  lying  at  the 
side  toward  red  of  Hh.  Inasmuch  as  spectrograph  IV  does  not 
permit  any  accurate  measurements  of  wave-lengths  in  this  region, 
I  have  not  been  able  to  attempt  the  identification  of  these  bright 
bands. 

In  concluding  I  would  also  mention  that  the  bright  lines  H'^, 
H8,  and  Fe  X  4308  altered  their  intensities  in  different  ways  in 
1 90 1.  From  August  2  until  September  19  UB  was  considerably 
brighter  than  Hy;  from  October  3  to  15  I/y  and  ffS  differed 
little  from  each  other;  on  October  26  they  were  equal;  and  on 
November  9  and  23  Ny  was  brighter  than  /f8.  The  Fe  line 
X  4308,  on  the  contrary,  increased  in  brightness  the  fainter  the 
star  became.  While  it  was  not  present  on  August  24  and  3 1 
with  an  exposure  of  60  minutes,  it  appeared  on  September  7  in 
an  equal  exposure  time  and  remained  of  this  intensity  until 
about  the  last  plate,  on  which  it  was  equal  to  ffy  in  brightness. 
The  other  bright  Fe  lines  —  for  instance,  X  4402  —  were  only  just 
barely  visible  with  the  exposures  chosen  and  were  in  any  case 
not  measurable. 

Potsdam,  June  23,  1903. 

POSTSCRIPT. 
(July  14,  1903.) 
In  Bulletin  No.  41  of  the  Lick  Observatory  Mr.  Stebbins  has 
just  published  his  prettv  investigations  of  the  spectrum  of  o  Ceti, 
It  is  evident  that  my  similar  paper  on  %  Cygni  in  A.  N.  No.  3765 
was  unknown  to  him,  for  otherwise  the  highly  interesting  fact 
would  not  have  escaped  him  that  both  stars  exhibit  a  precisely 
identical  behavior,  both  as  to  the  spectrum  and  as  to  the  varia- 
tions of  the  spectrum  ;  whence  it  is  highly  probable  that  this 
sort  of  spectrum  is  typical  for  the  long-period  variables  of  that 
class. 


ON    DOUBLE    REVERSAL. 
By  \V.  J.  Humphreys. 

App.\RENTLY  not  much  attention  has  been  given  to  double 
reversal;  that  is,  the  occurrence  of  a  narrow  bright  line  on  the 
dark  space  of  a  broadly  reversed 'one.  Liveing  and  Dewar'  speak 
of  having  often  momentarily  seen,  though  rarely  photographed, 
this  condition  on  the-  introduction  of  fresh  material  into  the  arc. 
Kayser-  says  that  he  has  pho^tographed  it  very  rarely  ("nur 
ungemein  selten"),  and  that  he  doubts  the  genuineness  of  the 
two  cases  selected  from  his  plates  to  illustrate  this  phenomenon; 
a  doubt  well  founded,  as.  will  appear  presently.  Jewell, ^  on  the 
other  hand,  states  that  a  certain  result  exhibited  by  double  and 
multiple  reversal,  displacement  of  the  line  due  to  quantity  of 
material,  "is  shown  in  a  large  number  of  cases."  Still  in  these 
different  papers,  and  elsewhere,  so  far  as  I  am  aware,  the  phe- 
nomenon is  soon  dismissed,  and  no  experiments  are  described 
that  help  to  determine  just  what  is  essential  to  its  appearance. 

Double  reversal  has  long  been  known  to  be  both  persistently 
and  well  marked  in  the  Sun's  faculae,  so  that  there  can  be  no 
doubt  about  its  actual  existence,  under  proper  conditions;  and 
thereby  its  claim  to  specific  investigations  is  established. 

I  do  not  know  how  many  photographs  1  have  taken  of  arc 
spectra,  but  certainly  several  thousand,  and  of  practically  all 
known  elements  that  can  be  so  used.  The  great  majority  of 
these  were  secured  at  atmospheric  pressure,  but  a  few  hundred 
were  obtained  at  higher  pressures,  up  to  nearly  fifteen  atmos- 
pheres. The  volume  of  the  current  has  been  multiplied  more 
than  a  hundredfold,  and  the  quantity  of  material  in  the  case  of 
several  elements  variously  altered  from  mere  traces  to  solid  rods 
of  the  metal  in  a  reasonably  pure  state.  Still  with  all  these 
changes,  until  a  method  presently  to  be  explained  was  adopted, 
I  never  observed  visually  a  single  case  of  double  reversal,  and 

^Proceedings  of  the  Cambridge  Philosophical  Society,  4,  264. 

'Ilandliiich  der  Spectroscopic,  2,  363.  3  AstroI'HYSICAl  Joirnai.,  3,  95,  1896. 
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onl}'  a  few  of  my  plates  give  any  evidence  of  it.  Besides  in 
each  of  these  few  the  phenomenon  is,  I  am  convinced,  entirely 
spurious. 

An  interesting  case  of  apparent  double  reversal  is  shown  in 
Fig.  I  of  the  accompanying  plate.  This  line  in  the  reversal  of 
D'  is  supposed  by  Kayser'  to  be  due  to  sodium,  and  he  regards 
it  as  possibly  a  true  double  reversal,  and  also  says'^  that  it  shows 
the  displacement  of  the  center  of  the  reversal  when  a  large 
amount  of  material  is  used  from  the  position  of  the  correspond- 
ing line  given  by  a  small  amount  of  the  substance. 

During  the  course  of  this  investigation  I  got  what  I  shall  call 
the  true  double  reversal  of  the  sodium  D's,  as  shown  in  Fig.  4. 
Here  both  the  D's  are  doubly  reversed,  and  the  fine  lines  are  cen- 
trally placed.  After  some  further  experiments  it  was  found  that 
by  mixing  iron  and  sodium  together  and  burning  them  in  a 
common  arc  Fig.  I  was  always  obtained,  but  never  so  when  the 
iron  was  left  out.  The  conclusion  therefore  is,  and  this  is  sup- 
ported by  careful  measurements,  that  the  fine  line  in  question  is 
the  ultra  violet  iron  line  X  2948.00,  second  order,  superimposed 
on  D,,  \5896.16,  first  order. 

This  must  not  be  taken  as  a  wilful  criticism  of  Kayser's  work. 
All  of  us  who  have  the  pleasure  of  making  investigations  in  this 
fascinating  field  acknowledge  ourselves  immeasurably  indebted  to 
him,  and  therefore  feel  it  a  duty  as  well  as  a  privilege  to  make, 
whenever  we  can,  even  the  slightest  addition  to  or  correction  of 
his  masterly  treatise. 

Fig.  I  seems  to  indicate  that,  while  the  outer  layers  of  rela- 
tively cool  sodium  vapor  can  strongly  absorb  light  of  the  wave- 
length given  by  D,,  it  cannot  so  cut  out  light  of  double  that 
frequency.  Indeed,  no  theory,  so  far  as  I  know,  would  lead  us 
to  suppose  that  free  particles,  such  as  fill  the  electric  arc,  could 
absorb  vibrations  other  than  those  which  they  can  also  emit. 
However,  that  idea  in  this  particular  case  was  e.xperimentally 
tested,  as  follows: 

Two  arcs  were  connected  up  in  series,  and  placed,  about  5  cm 
apart,  in  line  with  the  slit  of  the  spectroscope.     The  arc  next  the 

'  Handbuch  der  Spectroscopies  2,  363.  °  Ibid.,  365. 
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slit  contained  a  large  amount  of  sodium,  while  the  one  farther 
away  had  a  small  amount  of  iron.  On  developing  the  spectro- 
gram secured  with  this  arrangement,  the  fine  iron  line  came  out 
nicely  on  the  reversal  of  Dj,  and  showed  that  its  light  had  not 
been  very  greatly  absorbed.  When,  instead  of  iron,  a  small 
amount  of  sodium  was  used  in  the  more  distant  arc,  no  trace  of 
the  D's  thus  obtained  could  be  seen  on  the  broad  reversals  due  to 
the  sodium  in  the  nearer  arc.  It  would  seem  then,  to  borrow  a 
musical  term,  that  in  this  case  the  partialis  that  cut  out  one  note 
cannot  absorb  its  octave.  Neither  will  it  absorb  the  sub-octave, 
as  is  shown  by  mixing  a  trace  of  barium  with  thallium,  by  which 
the  barium  line  ^5535.69,  first 'order,  is  superimposed  on  the 
reversal  of  the  thallium  line  X  2767.97,  second  order. 

A  somewhat  different  case  of  apparent  double  reversal  is 
given  by  adding  some  iron  to  aluminium.  Here  the  reversal  of 
the  aluminium  line  X3092.84  contains  the  iron  line  \30g2.87. 
In  this  case  the  relativel)'  cool  vapor,  in  the  outer  parts  of  the 
arc,  that  cut  out  an  aluminium  radiation  of  a  certain  wave-length, 
either  will  not  absorb  an  iron  radiation  of  the  same  wave-length 
or  else,  as  seems  to  me  more  likely,  its  absorptiv^e  power  at  this 
place  is  not  equal  to  the  combined  corresponding  emission  of 
the  two  elements. 

With  materials  free  from  iron,  one  could  easily  determine 
experimentally  which  of  these  suppositions  is  correct,  but,  as  my 
carbons  and  aluminium  both  contain  enough  iron  to  render  the 
results  doubtful,  I  have  not  as  yet  undertaken  it. 

Occasionally  two  lines  of  the  same  element  produce  results 
markedly  like  double  reversal.  Thus  the  iron  line  \  2966.99, 
third  order,  contains  in  its  reversal  the  iron  line  \4450.44,  second 
order.  Also  the  two  iron  lines  \3020.70  and  X3021.15  both 
reverse  in  such  way  as  to  appear  like  a  single  broadly  reversed 
line  with  a  fine  line  a  little  to  the  violet  of  its  center.  But  the 
best  example  I  have  seen  of  this  is  given,  when  a  large  amount 
of.  iron  is  used,  by  the  lines  X2973.17  and  X2973.41.  This  com- 
bination, as  it  appears  on  one  of  my  plates,  is  shown  in  Fig.  3. 
The  fine  line,  nearly  centrally  placed  in  what  seems  to  be  the 
reversal  of  a  single  line,  is,  as  shown   by  a  careful  dcter[nination 
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of  its  wave-length,  \ 2973.28,  only  the  unabsorbed  remnants  of 
the  red  and  violet  sides  respectively  of  the  two  reversed  lines. 
Clearly  then  one  side  of  each  line  is  largely  absorbed  by  the 
vibrating  particles  that  produce  the  central  parts  of  the  other,  a 
result  in  accord  with  the  idea  that  in  any  particular  case  the 
absorption  of  radiant  energy  depends  upon  its  wave-length  and 
not  upon  its  origin. 

Fig.  2  illustrates  probably  the  most  common  case  of  apparent 
double  reversal.  This  line  X33S3.00  was  obtained  by  putting  a 
button  of  metallic  silver  in  the  arc.  At  first  the  arc  burned 
violently,  and  most  of  the  metal  was  quickly  driven  out.  This 
period  was  followed  by  one  of  comparatively  quiet  action  with  a 
smaller  amount  of  silver.  The  result  was,  therefore,  a  negative, 
produced  by  successive  e.\posures,  indistinguishable  in  appear- 
ance alone  from  true  double  reversal.  In  the  same  way  I  have 
obtained  one  plate  that  shows  an  apparent  triple  reversal  of  the 
silver  lines. 

As  stated  above,  true  double  reversal  is  found  in  the  faculas, 
and  it  was  during  an  attempt  to  explain  to  Professor  Ormond 
Stone  its  probable  origin  in  this  case  that  it  occurred  to  me  to 
test  the  effect  of  two  arcs  connected  in  series  and  so  placed  that 
the  light  of  one  could  reach  the  slit  only  by  passing  through  the 
other.  By  putting  a  small  amount  of  the  substance  to  be  studied 
in  the  arc  nearest  the  slit  and  a  large  amount  in  the  other,  which 
was  about  5  cm  farther  removed,  the  phenomenon  of  double 
reversal  was  always  produced.  On  interchanging  the  arcs  no 
such  result  appeared — only  the  dark  reversals  due  to  the  large 
amount  of   the  substance  then  in  the  nearer  arc. 

The  following  table  gives  a  list  of  the  lines  that  were  thus 
obtained  doubly  reversed.  All  those  in  the  visible  region  were 
repeatedly  observed,  and,  with  the  exception  of  the  lithium 
line,  also  photographed.  This  list,  which  a  little  care  would 
extend,  is,  I  trust,  sufficient  to  show  how  double  reversal  may 
always  be  obtained ;  that  is,  by  the  use  of  two  independent 
sources  of  the  radiation  in  question,  the  one  giving  the  broadly 
reversed  line  shining  through  the  nearer  source  which  contains 
a  relatively  small  amount  of  the  material. 
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The  doubly  reversed  lines  in  the  spectra  of  faculse  may  there- 
fore be  interpreted  as  due  to  two  practically  distinct  sources  of 
light :  a  source  deep  in  the  Sun's  atmosphere,  where  the  material 
is  abundant  and  the  consequent  reversals  broad  ;  and  above  this 
a  more  or  less  detached,  self-luminous  cloud  containing  a  rela- 
tivelv  small  amount  of  the  substance. 

It  might  at  first  seem,  if  this  is  the  explanation  of  double 
reversal,  that  ordinary  arc  spectra  should  often  show  the  phe- 
nomenon, due  presumably  to  the  arc  burning  in  two  parts,  one 
behind  the  other,  and  containing  a  different  amount  of  the 
material.  This,  however,  would  really  be  two  parallel  arcs,  and, 
as  is  well  known,  they  will  not  burn  that  way.  A  split  arc  is 
therefore  not  a  thing  of  any  permanence,  if  indeed  it  has  even  a 
momentary  existence  ;  and  thus  true  double  reversals,  as  above 
explained,  seldom,  if  ever,  appear  in  arc  spectra. 

DOUBLY    REVERSED    LINES. 


Element 

Wave-length 

Remarks 

Element 

Wave-length 

Remarks 

Ba 

4554-21 

Pb 

4057.97 

" 

4934-24 

Li 

6708.20 

Small  line  complex 

Cd 

5535-69 
3261.17 

Small  line  confused 
Fig.  10  of  plate 

Ms 

2852.22 

(  Fig.  7  of  plate,  small 
(      Tine  also  reversed 

Ca 

3933-83 
3968.63 

Ag 

3280.80 

(  Fig.  5  of  plate,  small 
I      line  also  reversed 

" 

4226.91 

Fig.  8  of  plate 

" 

3383-00 

Cu 

3247.65 

Na 

5890.19 

Fig.  4  of  plate 

" 

3274.06 

" 

5896.16 

Fig.  4  of  plate 

Pb 

2614.26 
2802.09 

Sr 

4077. 88 
4215.66 

" 

2823.28 

" 

4607.52 

Fig.  9  of  plate 

" 

2833-17 

77 

5350.65 

Fig.  6  of  plate 

" 

3639-71 

5« 

3175-12 

Fig.  II  of  plate 

3683.60 

Fig.  12  of  plate 

3262.44 

The  doubly  reversed  lines  offer  a  favorable  opportunity  for 
studying  the  effect  of  quantity  of  material  on  wave-length. 
The  litliium  line  X6708.2  shows  a  double  reversal  very  excellently, 
and  even  the  smaller  line  is  also  often  reversed.  In  this  case 
the  larger  part  of  the  small  line  is  to  the  red  of  its  own  reversal, 
while  when  not  reversed  the  fine  line  is  to  the  blue  of  tiic  center 
of  the  larger  reversal. 


DOUBLE  REVERSAL  209 

This  line  was  found  by  Alichelson'  to  be  a  confused  double, 
the  difference  in  wave-length  between  the  components  being 
about  0.14  tenth-meter.  The  components  are  unequal  in  inten- 
sity, but  there  is  no  record  as  to  which  has  the  longer  wave- 
length. My  own  observations  would  be  fully  accounted  for  by 
assuming  the  line  to  be  double,  as  Michelson  found  it,  and  with 
the  feebler  component  to  the  red  of  the  heavier  one. 

The  barium  line  X  5535.69  also  seemed  either  confused,  or 
closely  accompanied  by  a  line  due  to  some  other  element,  prob- 
ably the  iron  line  ^5535-52. 

It  is  well  known  that  many  lines  are  more  or  less  complex, 
some  of  them  exceedingly  so,  and  it  may  be  that  the  brightest 
component,  when  a  small  amount  of  material  is  burned,  does  not 
remain  so  when  the  substance  is  used  in  quantity.  At  any  rate, 
the  complexity  and  unsymmetrical  spreading  of  many  lines  make 
it  doubtful  whether  the  wave-length  of  any  given  component  is 
ever  changed  by  merely  varying  the  amount  of  material  pro- 
ducing it. 

However  this  may  be,  careful  and  repeated  measurements  in 
both  directions  over  my  plates  fail  in  most  cases  to  show  with 
certainty  any  displacement  of  the  fine  line  from  the  center  of 
the  broad  reversal.  Even  the  sodium  D's,  g  of  calcium,  the 
strontium  line  X4607.52,  and  some  others,  that  are  greatly 
shifted  by  mechanical  pressure  are  within  errors  of  my  measure- 
ments centrally  placed. 

University  of  Virginia, 
August  5,  1903. 

'  Phil.  Mag.,  September  1892. 


PHOTOGRAPHIC  OBSERVATIONS  OF  BORRELLY'S 
COMET  AND  EXPLANATION  OF  THE  PHE- 
NOMENON   OF   THE   TAIL   ON   JULY    24,     1903. 

By  E.  E.  Barnard. 

The  quick-acting  lantern  lens  (which  is  really  a  doublet  or 
portrait  combination,  is  specially  suited  for  photographing  large 
diffused  masses  of  faint  light  in  the  sky.  For  small  objects  or 
for  minute  details  it  is,  of  course,  ^.msuited  because  of  its  small 
scale.  This  kind  of  lens,  therefore,  has  its  limitations  as  well  as 
its  advantages.  As  an  auxiliary  to  a  larger  photographic  tele- 
scope for  the  delineation  of  such  phenomena  as  the  extent  of 
comets'  tails,  etc.,  it  is  indispensable.  The  rapidity  of  such  a 
lens  for  cometary  work  is  well  shown  in  the  photographs  made 
here  of  Borrelly's  comet  of  this  year. 

The  only  suitable  lens  available  at  the  time  for  photograph- 
ing the  comet  was  a  small  lantern  lens  of  1.6  in.  aperture  and 
6.3  in.  focus  (see  Astrophysical  Journ.\l  for  January  1903). 
With  this  lens  attached  to  the  1 2-inch  equatorial  a  series  of 
])hotographs  was  obtained  of  the  comet.  These  were  made  with 
the  intention  of  accurately  locating  the  position  of  the  comet's 
tail. 

Mr.  R.  J.  Wallace,  of  this  Observator3^  becoming  interested 
in  the  subject,  began  an  independent  series  of  photographs  with 
the  same  lens  at  the  close  of  my  exposures,  and  thus  covered 
several  nights  on  which  other  work  prevented  my  photograph- 
ing the  comet;  for  it  was  intended  to  make  the  set  as  complete 
as  possible.  By  this  means  there  were  several  dates  on  which 
the  comet  was  being  photographed  here   from  dark   until   dawn. 

In  general  the  two  pictures  for  any  one  night  showed  no 
decided  difference  in  appearance.  On  the  night  of  July  24, 
however,  a  remarkable  change  was  shown  to  be  taking  ])lacc  in 
the  comet. 

During  the  period  of  visibility  of  this  object  with  the  naked 
eye,  it  appeared  as  a  bright  hazy  star  between  the  second  and 
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third  magnitudes.  Feeble  traces  of  the  tail  could  be  seen  with 
the  naked  eye  for  some  4'.  In  a  small  telescope  this  could  be 
traced  for  even  a  less  distance.  With  every  advantage  in  its 
favor — a  close  approach  to  both  the  Earth  and  Sun  ;  above  the 
horizon  all  night  at  a  high  altitude,  with  no  moonlight  to  inter- 
fere ;  and  with  a  head  as  bright  as  some  of  the  "great"  comets 
—  it  was  decidedly  disappointing  so  far  as  the  naked  eye  was 
concerned.  The  nucleus  seemed  to  be  very  inactive  in  the  pro- 
duction of  the  ordinary  phenomena  of  a  comet's  tail.  The  lan- 
tern-lens photographs,  however,  showed  that  the  comet  really 
had  a  considerable  extent  of  tail — as  much  as  17". 

As  stated,  with  the  exception  of  the  length  and  the  accurate 
location  of  the  tail,  the  small  lens  did  not  show  much  of  interest 
until  July  24,  when  a  very  remarkable  and  important  phenome- 
non took  place,  which  was  almost  unique  in  its  character.  Some 
two  or  three  degrees  back  of  the  head  the  tail  was  apparently 
broken  off  and  the  outer  portion  shifted  bodily  toward  the  direc- 
tion from  which  the  comet  was  receding  and  in  a  line  parallel 
with  the  remaining  portion  of  the  tail  —  as  if  some  force  had 
suddenly  broken  off  a  large  section  of  the  tail  and  pushed  it  to 
one  side  of  its  former  position.  Mr.  Wallace's  photograph, 
which  was  begun  at  the  close  of  mine,  shows  that  the  apparent 
separation  was  taking  place  rapidly,  as  if  the  fragment  were 
being  left  behind  by  the  comet  in  its  flight  through  space. 

This  singular  phenomenon  is  not  entirely  unique.  One  of 
the  photographs  of  Gale's  comet  of  1894  with  the  Wiilard  lens 
showed  a  similar,  though  not  so  pronounced,  appearance. 

A  photograph  made  on  July  25  showed  no  traces  of  this 
peculiarity,  the  tail  having  apparently  assumed  its  normal  condi- 
tion while  another  photograph  on  the  23d  had  shown  nothing 
abnormal  about  the  tail.  The  phenomenon  was,  therefore,  con- 
fined to  an  interval  of  a  few  hours  only. 

The  following  measures  were  made  of  the  photographs  of 
July  24.  "The  tail "  refers  to  the  short  tail  attached  to  the 
head,  while  "  the  section"  refers  to  the  separate  portion  some 
9°  long,  which  was  nearly  parallel  with  the  direction  of  the  small 
tail : 
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PLATE    I     (e.    E.    B.). 
Length  of  tail  =  2 '  5  I  ' . 

Distance  from  head  to  nearest  end  of  section  =  2°! 4'. 
Distance  between  the  axes  at  the  point  of  separation  =  o' 12. '4. 
Width  of  tail  just  back  of  head  =  o'4'. 

PLATE    11     (k.    J.    W.). 

Length  of  tail  =  4'  /'.     It  diffuses  out  beyond  this. 
Distance  from  head  to  nearest  end  of  section  =  2 "48' . 
Distance  between  the  axes  at  the  point  of  separation  =  0"  18 'o. 
Width  of  tail  just  back  of  head,  not  so  narrow  —  more  diffused. 

Following  are  the  exposure  times  of  the  plates  : 

Plate  I  Plate  II 

Begin        -         -         -       8"    57"  ii'^    5q"' 

End      .         -         .  1 1     34  14     20 


Middle      -         -         -     10     15  13     14 

Interval         .  .  .  .  2''    5g"' 

As  will  be  seen,  the  duration  of  exposure  was  essentially  the 
same  in  each  case. 

In  the  Bulletin  dc  la  Socicte  Astronomique  de  France  for  August 
is  reproduced  a  photograph  of  the  comet,  made  by  F.  Quenisset, 
of  the  Observatory  of  Nanterre,  on  July  24-25  from  23''  9"  to 
o''  9™.  The  scale  of  this  photograph  appears  to  be  5.05  times 
that  of  the  lantern  lens  —  from  measures  of  stars  on  the  two 
photographs.  Assuming  the  above  to  be  Paris  times  the  follow- 
ing are  the  Greenwich  times : 

Begin  July  24    -         -         -         -     ii''    00™     G.  M.  T. 
End  -         -         -  12     00 


Middle  -         -         -         -     1 1     30 

As  my  exposure  was  made  at  16''  15""  G.  AI.  T.  and  Mr.  Wallace's 
at  \(^  14"",  it  will  be  seen  that  Mr.  Wallace's  photograph  was 
^h  Qin  _|_  later  than  mine,  and  that  of  M.  Quenisset  4''  35'"  earlier. 
I  have  measured  the  distance  between  the  head  of  the  comet 
and  the  nearest  end  of  the  section  on  the  Nanterre  photograph, 
and  get  1°  36'.  By  a  combination  of  the  times  of  these  photo- 
graphs, we  get  the  following  values  of  the  motion  of  separation 
of  the  section  and  the  head  : 
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Nanterre  and  first  Yerkes  Observatory,        -         -     lo'i  hourly 
First  and  second  Yerkes  Observatory,     -  -  10.7  hourly, 

or,  taking  the  mean  of  these  —  assuming  the  difference  of  the 
two  results  as  accidental,  which  may  not  be  the  case  —  we  have 
10. '4  for  the  mean  hourly  motion  of  separation  of  the  nearest 
end  of  the  section  and  the  head  With  this  motion  it  can  be 
shown  that  the  separation  of  this  section  of  the  tail  from  the 
nucleus  or  the  head  of  the  comet  occurred  at  2^  30"  G.  M.  T., 
July  24. 

With  the  aid  of  the  elements  of  the  comet's  orbit,  and  assum- 
ing that  the  direction  of  the  tail  was  coincident  with  the  pro- 
longation of  the  radius  vector — from  which  it  will  deviate  but 
little  at  most — the  hourly  rate  of  separation  was  104,000  miles, 
or  29  miles  a  second.  A  large  portion  of  this  was  due  to  the 
comet's  approach  to  the  Sun,  which  amounted  to  22  miles  a 
second.  The  remaining  7  miles  a  second  must,  hence,  be  due  to 
the  motion  of  the  tail  away  from  the  Sun,  which  therefore  is  the 
actual  velocity  of  the  particles  of  which  the  tail  is  composed. 

This  leads  one  directly  to  an  explanation  of  the  phenomenon 
observed  on  the  photographs.  The  appearance  in  question  would 
seem  to  be  due  to  a  sudden  change  in  the  direction  of  emission 
of  the  particles.  This  must  have  occurred  between  2  and  3 
o'clock,  G.  M.  T.,  on  July  24.  If  the  emission  had  suddenly 
ceased  altogether,  then  the  tail  would  recede  from  the  comet 
bodily  until  it  dissipated  in  space  or  ceased  to  be  luminous. 
Suppose,  however,  that,  instead  of  stopping,  the  direction  of 
emission  should  suddenly  be  shifted  slightly  to  one  side.  So  far 
as  the  tail  at  that  moment  was  concerned,  it  would  be  the  same 
as  if  the  emission  had  ceased  entirely  and  it  would  recede  btidily 
into  space;  but  at  the  same  moment  a  new  stream  of  particles 
would  begin  to  form  a  new  tail  in  the  new  direction,  and  we  should 
have  exactly  the  phenomenon  presented  by  the  comet  on  July  24. 
By  the  25th  the  disconnected  tail  or  stream  of  particles  would 
have  vanished  by  dissipation,  or  by  ceasing  to  be  luminous 
from  some  other  cause,  and  the  new  tail  would  have  assumed 
the  normal  appearance. 

This  theory  may  be  illustrated  by  a  jet  of  steam  issuing  from 
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a.  nozzle.  If  the  nozzle  is  suddenly  slightly  changed  in  direction, 
the  old  stream  will  recede  for  a  few  moments  before  it  dissipates, 
and  a  new  one  will  follow  it  closely  in  a  slightly  different 
direction. 

That  the  particles  of  the  tail  take  a  definite  time  to  traverse 
its  length  shows  that  the  tail  may  actually  move  as  a  body — a 
stream  of  small  particles.  Should  this  moving  stream  encounter 
a  resisting  medium  of  any  kind,  the  tail  would  become  distorted 
and  broken,  just  as  was  shown  to  have  occurred  in  the  case  of 
Brooks'  comet  in  1893.  It  is  well  known  that  swarms  and 
streams  of  meteors  e.xist  within  the  solar  system.  Whether  they 
are  dense  enough  to  produce  the  disturbances  shown  in  the  tails 
of  some  comets  or  not,  it  is  not  the  purpose  of  this  paper  to  say, 
but  the  explanation  seems  a  probable  one.  Or  there  may  be 
other  currents  or  sources  of  resistance  in  space  of  which  we 
know  nothing. 

There  is  one  feature  that  must  be  taken  into  account  in  con- 
sidering the  motion  of  these  particles.  Previous  to  its  free  exist- 
ence, the  particle  was  moving  toward  the  Sun  with  a  velocity  of 
twenty-two  miles  a  second — as  a  part  of  the  comet.  When  it 
became  .independent  and  subject  to  the  repulsive  action  of  the 
Sun,  it  would  still  approach  until  the  repulsive  force  checked  its 
speed,  when  for  a  moment  it  would  become  stationary,  and  then 
begin  to  recede,  at  first  slowlv,  and  then  with  rapidly  increasing 
velocity.  The  hourlv  motion  from  the  Yerkes  Observatory  plates 
is  greater  than  that  from  the  Nanterre  and  Yerkes  Observatory 
plates.  This  would  be  in  accordance  with  the  above  idea,  except 
that  one  would  expect  a  greater  difference.  The  velocity  derived 
from  these  photographs  seems  small.  In  many  comets'  tails  the 
particles  must  move  with  a  speed  many  times  this  amount. 

An  inspection  of  Mr.  Wallace's  photograph  shows  that  the 
new  tail,  at  its  end,  is  growing  more  rapidly  than  the  motion  of 
the  section.  This  would  imply  that  some  of  the  particles  move 
with  a  much  greater  speed  than  others.  By  using  the  near  end 
of  the  section,  therefore,  which  is  the  only  available  method, 
one  would  get  the  velocity  of  only  the  more  sluggish  particles. 

Following  are  the  measures  of  the  angles  made  by  the  tail  with 
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the  direction  of  the  motion  of  the  comet;  that  is,  they  are  the 
angles  the  tail  made  with  the  star  trails  near  the  comet's  head. 
It  is  not  possible  to  determine  this  angle  with  great  exactness, 
because  the  tail  was  seldom  perfectly  straight  when  the  photo- 
graphs were  examined  with  a  glass.  The  measures,  therefore, 
represent  the  general  direction  of  the  tail  with  reference  to  a 
tangent  to  the  ajjparent  direction  of  motion  of  the  comet. 


PLATES  BY  B. 


Date             1                   Exposure,  C.  S.  T. 

Angle  of 
Tail 

Length 

Sky 

JulyiS 

19 

22 

23 

24 

25 

26 

29 

30 

August  i6. .  . . 

id'' 24""  to  12''    2"" 
9  22,  about  20"" 
90         II   30 
9  27         12     2 
8  57         II  34 

8  50         II         ± 

9  9 

10     5         12     5 
10  35         II 
8  34          9  30 

42° 
39 
3S 
38 
40 
36 
37 
34 

13' 
13 
14 
13 
15 
12 

13 

8 
4 
10 

Fair 

Clouds 

Clouds 

Fair 

Clouds 

Clouds 

Clouds 

Clouds 

Clouds 

Thick  sky 

Mr.  Wallace's  plates  have  been  measured  in  the  same  manner. 

PLATES   BY  W. 


Date 

Exposure 

Angle  of 
Tail 

Length 

Sky 

July  20 

22 

23 

24 

29 

g''40'"  to  12''  s"'                  40° 

12       1             14    31                                41 
12   40            14    43                             38 

11  59         14  29                       38 

12  30             13    40                                41 

11° 
15 
14 
15 
7 

Good 

Very  poor 
Clouds 

The  long  and  unjustly  neglected  stereoscope  when  applied  to 
certain  astronomical  subjects  has  become  of  great  importance  in 
recent  years.  The  combination  of  two  views  of  the  Moon,  similar 
with  respect  to  phase,  made  on  different  dates,  reveals  its  spheri- 
cal form  in  a  most  beautiful  manner.  Dr.  Max  Wolf  has  used 
this  instrument  recently  for  detecting  variable  stars  or  moving 
asteroids  on  celestial  photographs  with  great  success.  Two  photo- 
graphs of  the  same  region  of  the  sky  with  the  same  instrument 
being  properly  adjusted  for  the  instrument,  the  asteroid  or  variable 
star  will  stand  out  conspicuously  from  the  other  stars.      In  1902 
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he  presented  to  the  Royal  Astronomical  Society  some  stereo- 
scopic views  of  Perrine's  Comet  of  that  year,  in  which  the  comet 
stood  out  in  beautiful  relief,  apparently  suspended  in  space  before 
the  observer.  These  were  exhibited  at  the  November  Meeting 
of  the  Royal  Astronomical  Society  in  1902. 

In  the  August  1903  number  of  the  Bidletin  of  the  French 
Astronomical  Society  is  published  a  stereoscopic  picture  of  the 
present  Borrelly's  Comet  made  by  F.  Ouenisset  at  Nanterre, 
France,  which  when  placed  in  the  stereoscope  shows  the  comet 
in  beautiful  relief. 

Mr.  Wallace  has  combined  one  of  his  photographs  and  one  of 
mine  of  this  comet  made  on  the'night  of  July  22  fur  the  stereo- 
scope. The  result  is  surprisingly  beautiful.  The  comet  appears 
to  be  suspended  in  space  between  the  observer  and  the  stars  in  a 
most  realistic  manner.  The  result  is  what  really  happens  in  space, 
but  which  cannot  be  seen  in  any  manner  except  with  the  aid  of 
the  stereoscope.  A  reproduction  of  Mr.  Wallace's  beautiful  com- 
bination is  given  here,  Plate  VII,  with  the  other  pictures  of  the 
comet,  and  when  placed  in  a  stereoscope  will  exhibit  the  comet 
in  splendid  relief. 

Following  are  descriptions  of  all  of  the  photographs  of  the 
comet' obtained  here: 

IQ03,  July  18  (B.). — Very  slight  curvature  of  the  tail,  convex  side  preced- 
ing. It  is  narrow  back  of  the  head  and  gradually  widens  a  little.  The  axis 
is  not  symmetrical  with  the  center  of  the  head.  There  are  indications  of  a 
thin  tail  or  fragment  of  a  tail  symmetrical  with  the  head  and  preceding  the 
main  tail. 

July  19  (B.). — Tail  faint  and  feeble  and  apparently  straight. 

July  20  (W.). — Tail  narrow  back  of  head,  and  gradually  widens  out  con- 
siderably, symmetrical  with  axis. 

July  22  (B.). — Several  strands  in  tail  back  of  head,  one  of  which  is  sharply 
defined  and  thread-like  and  is  in  the  following  side  of  the  tail.  About  6" 
from  the  head  there  becomes  visible  a  faint  strip  9'  long,  which  runs  parallel 
with  the  following  side  of  the  tail  and  distant  from  it  o°2.  This  seems  to 
have  no  connection  with  the  head.  Back  of  the  head  the  tail  is  not  so  narrow 
as  before. 

July  22  (W.). — Three  thread-like  strands  back  of  head.  These  fade  out 
into  the  tail  farther  back.     The  faint  strip  shown  on  B.'s  plate  not  visible. 

July  23  (B.). —  Indications  of  several  strands  from  the  head  for  some 
3°  to  4°.     The  tail  bulges  out  slightly,  preceding. 
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July  23  (W.). —  Shortly  after  leaving  the  head  the  tail  is  faintly  double, 
as  if  a  fainter  portion  ran  along  beside  it  following. 

July  24  (B.). — The  tail  is  very  narrow  back  of  the  head,  and  is  sharper 
on  the  following  side.  The  section  is  equally  sharp  on  both  sides  ;  the  nearer 
end  is  narrow  and  more  or  less  pointed. 

July  24  (VV.). — The  main  tail  is  narrow.  Near  the  break  it  brushes  out 
somewhat  preceding.  The  section  of  tail  is  diffused  on  its  preceding  side, 
and  apparently  slightly  double  in  places;  the  following  edge  of  it  is  sharper. 

July  25  (B.). — Faint  and  straight.  No  signs  of  the  fragment  of  last  night. 
The  exposure  was  so  interrupted  by  clouds  that  the  utter  dissipation  of  this 
fragment  is  not  certain.     If  present,  it  must  have  been  extremely  faint. 

July  26  (B.). — The  tail  is  faint  and  straight,  but  is  somewhat  sinuous  3 
back  of  head,  where  it  bulges  out  slighly,  preceding. 

July  2g  (B.). —  Slightly  sinuous  about  2?2  back  of  head,  and  bulging  out 
slightly,  preceding.  The  tail  gradually  widens  out.  Its  end  is  cut  off  by 
defect  in  negative. 

July  2Q  (W.). — The  tail  is  faint  and  apparently  straight.  If  continued,  it 
would  cut  through  e  Ursae  Majoris. 

July  30  (B.). —  Faint  traces  of  tail  for  3?5.  It  seems  to  be  straight,  but  is 
cut  off  by  defect  in  negative. 

August  16  (B.). — Tail  extremely  faint  clear  up  to  the  head.  It  apjiears 
to  be  straight. 

It  is  evident  that  the  faint  strip  of  tail  shown  on  B.'s  plate  of 
July  22  is  a  stream  of  particles  whose  emission  had  ceased 
or  changed  its  position  some  hours  before. 

In  Knowledge  for  August  is  a  reproduction  of  a  photograph 
of  the  comet  on  July  24,  made  by  Dr.  Roberts.  This  shows  the 
phenomenon  exhibited  on  our  plates  for  that  date.  Dr.  Roberts 
has  failed  to  give  the  time  of  this  photograph,  or  of  the  others 
reproduced  with  it,  and  hence  unfortunately  the  picture  at 
present  cannot  be  used  for  dctcnnining  the  motion  of  the  frag- 
ment. 

Yerkes  Observatory, 
August  1903. 
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AN  APPLICATION  OF  THE  CROSSLEY  REFLECTOR  OF 
THE  LICK  OBSERVATORY  TO  THE  STUDY  OF  VERY 
FAINT  SPECTRA.' 


INTRODUCTION. 


While  engaged  in  photographing  the  brighter  nebulje  with  the 
Crossley  Reflector,  Professor  Keeler,  director  of  the  Lick  Observatory, 
was  surprised  at  the  relative  photographic  brightness  of  the  central 
star  in  the  Ring  Nebula  in  Lyra,  though  the  fact  had  been  previously 
remarked  by  many  observers.  This  star,  which  is  visible  only  in  the 
largest  telescopes,  was  found  to  be  brighter  photographically  than  the 
nebula  itself,  which  is  an  easy  object  in  even  a  comparatively  small 
telescope.  It  is  true  that  a  large  faint  area,  such  as  a  nebula,  is  more 
readily  seen  than  a  faint  stellar  point,  but  considering  that  the  avail- 
able telescopes  magnify  the  Ring  Nebula  several  hundredfold,  and  in 
effect  leave  the  star  unmagnified  ;  that  the  image  of,  the  nebula  photo- 
graphed with  the  Crossley  Reflector  is  virtually  magnified  but  twenty- 
fold  ;  and  that  the  star  photographs  in  about  half  the  time  required  by 
the  nebula,  under  good  atmospheric  conditions  —  making  allowance 
for  the  physiological  effect  referred  to,  and  for  the  proportions  of  the 
instrument,  the  photographic  brightness  of  the  star  suggested  that  its 
spectrum  contains  an  unduly  large  proportion  of  actinic  rays.  Pro- 
fessor Keeler  also  noticed  that  the  central  star  in  the  Ring  Nebula  in 
Cygnus  (H  IV  13)  behaved  in  the  same  manner.  He  tried  10  examine 
their  spectra,  both  with  a  direct-vision  spectroscope  and  with  a  prism 
held  in  the  path  of  the  rays,  but  in  neither  case  was  the  spectrum  bright 
enough  to  be  seen.  He  therefore  decided  to  construct  a  spectrograph 
for  the  study  of  these  objects. 

Such  an  instrument,  to  preserve  and  utilize  the  enormous  advantages 
of  the  silver-on-glass  reflecting  telescope  for  work  in  the  violet  and 
ultra-violet  regions,  called  for  a  design  radically  different  from  those 
of  conventional  spectrographs.  It  would  evidently  be  difficult  for  a 
star  near  the  limits  of  vision  to  be  centered  and  kept  upon  a  narrow 
slit;  the  method  of  guiding  by  means  of  a   reflecting   slit  would  not 
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answer;  and  it  would  be  important  to  avoid  the  usual  losses  due  to  a 
slit.  The  instrument  as  originall)-  designed  consisted,  in  outline,  of  a 
50"  quartz  prism  with  circular  aperture  of  27mm,  placed  directly  in 
the  converging  beam  of  light  from  the  great  mirror,  at  a  distance  of 
1 5  cm  inside  the  focus;  of  a  plate-holder  suitably  placed ;  and  of  a 
guiding  eyepiece  working  on  the  same  principle  as  that  employed  in 
ordinary  nebular  photography. 

Director  Keeler  had  thought  that  by  placing  the  prism  approxi- 
mately at  minimum  deviation  for  the  ray  coinciding  with  the  collima- 
tion  axis,  the  confusion  in  the  image  due  to  the  very  large  angle  of  the 
cone  of  incidental  light,  would  be  so  slight  as  not  to  interfere  with  the 
qualitative  purposes  of  the  instrument;  especially  since  the  dispersion 
would  be  small  —  only  3mm  from  A.  350  to  A. 500.  It  should  be  said, 
however,  that  he  had  doubts  as  to  the  success  of  this  plan,  but  felt  that 
it  would  be  well  worth  a  trial. 

The  spectrograph  was  constructed  by  the  Observatory  instrument- 
maker.  It  was  completed  on  the  day  Professor  Keeler  left  Mount 
Hamilton  for  the  last  time,  about  a  fortnight  before  his  death. 

A  few  weeks  thereafter  Dr.  Campbell  and  I  tried  the  spectrograph, 
and  found  that  the  beam  of  light  could  not  be  brought  to  a  focus.  On 
account  of  the  approaching  opposition  of  Eros,  and  the  plans  for  com- 
pleting, if  possible.  Professor  Keeler's  program  of  photographing  the 
brighter  nebulae  during  the  following  spring,  the  instrument  was  set 
aside  until  .\pril  1901. 

Director  Campbell  then  asked  me  to  design  such  changes  in  the 
instrument  as  would  permit  the  insertion  of  a  double  concave  quartz 
lens  immediately  in  front  of  the  prism,  to  render  parallel  the  rays 
incident  upon  the  prism,  and  of  a  double  convex  similar  lens  imme- 
diately behind  the  prism  to  receive  the  refracted  rays  and  form  the 
image  on  the  sensitive  plate.  The  lenses  were  constructed  by  the  John 
A.  Brashear  Co.,  from  constants  supplied  by  Professor  Wadsworth. 
These  additions  to  the  optical  train  necessitated  several  changes  in  the 
support  of  the  plate,  in  the  guiding  fixtures,  etc.  The  alterations  were 
completed  by  the  instrument-maker  on  June  3,  and  to  me  was  assigned 
the  duty  of  testing  its  capabilities. 

DESCRIPTION    OF    THE    .'\PPAR.\TL"S. 

The  Crossley  Reflector  has  been    described  in    detail   by  Professor 
Keeler.'     Nothing  need  be  said  about  it  here,  except  that,  for  the  sake 
'  AsTROi'HvsicAi.  Journal,  ii,  325,  1900. 
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of  completeness,  its  focal  length  is  534cm  and  its  clear  aperture  92  cm, 
affording  a  ratio  of  aperture  to  length  of   i  :  5.8. 

The  general  features  of  the  spectrograph  are  shown  in  Fig.  i.  The 
tube  7'7'fits  into  a  similar  tube  on  the  side  of  the  telescope,  which 
holds  it  in  position  just  as  the  plate-holder  and  guiding  apparatus  for 
ordinary  photography  are  held  in  place.  The  latter  tube  can  be  moved 
in  or  out  by  rack  and  pinion   to  focus   the  plate.     Since  it  would  be 


difficult  to  move  the  whole  telescope  to  correct  for  any  errors  in  fol- 
lowing, the  spectrograph  is  attached  to  the  tube  TT  by  two  slides  at 
right  angles  to  each  other,  and  the  motions  of  these  slides  are  con- 
trolled by  two  screws.  In  the  drawing  only  the  declination  screw  5  is 
shown.  The  right-ascension  screw  would  occupy  a  position  in  front 
of  the  middle  of  the  apparatus,  in  the  center  of  the  drawing,  and  it  is 
therefore  omitted.  The  right-ascension  screw  has  a  coarse  double 
thread  to  enable  the  observer  quickly  to  correct  the  abormally  large 
irregularities  in  the  diurnal  motion  of  the  telescope,  to  which  Professor 
Keeler's  article  refers  at  length.     (The  sources  of  much  of  this  trouble 
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have  been  discovered  and  removed  by  Assistant  Astronomer  Perrine 
in  the  past  year  and  a  half,  and  the  following  in  right-ascension  is 
now  much  easier  and  better.)  As  the  motion  in  declination  is  always 
small,  the  declination  screw  has  a  fine  thread. 

The  base-plate  aa,  movable  east  and  west  between  guides  by  means 
of  the  right-ascension  screw,  carries  both  the  guiding  eyepiece  E'  GG 
and  the  supporting  framework  AB'  B"  F H K M N  of  the  spectro- 
graph proper.  This  framework  is  built  up  of  sheet  brass,  and  is  about 
42  mm  thick.  It  directly  supports  the  plate-holder  attachment  hp,  the 
finding  and  focusing  eyepiece  .£,  and  the  prism-box  BL' ;  and  the 
prism  box  in  turn  supports  the  minimum  deviation  apparatus  DP. 

The  converging  beam  of  light  from  the  telescope  first  passes 
through  the  concave  lens  L' ,  which  converts  it  into  a  parallel  beam  ; 
then  through  the  quartz  prism  P ;  and  finally  through  the  convex 
quartz  lens  Z,  which  brings  it  to  a  focus  on  the  plate  /.  The  prism 
and  convex  lens  are  attached  directly  to  the  minimum  deviation  appa- 
ratus. This  consists  of  the  framework  extending  from  D  down  to  and 
around  the  prism,  turning  about  an  axis  P  near  the  center  of  the 
prism.  It  is  held  in  any  desired  position  by  the  set  screw  S'  which 
works  in  a  slot  in  the  prism-box.  A  much  larger  slot  in  the 
spectrograph  case  allows  the  screw  to  be  manipulated  when  the  appa- 
ratus is  in  place  on  the  telescope.  The  convex  lens  should  not, 
theoretically,  be  attached  to  the  minimum  deviation  apparatus,  but  it 
was  the  only  support  available  for  it  unless  extensive  changes  were 
made  in  the  design.  However,  it  was  set  with  the  prism  in  an  approxi- 
mately correct  position,  so  that  its  axis  of  collimation  is  nearly 
perfect. 

The  concave  lensZ'  is  attached  directly  to  the  prism-box.  The 
plate-holder  attachment  bp  can  be  moved  toward  or  away  from  the 
convex  lens  in  order  to  bring  the  plate  into  focus.  It  is  held  in  any 
position  by  four  set  screws  s" ,  two  on  either  side.  These  screws  work 
in  slots  in  the  spectrograph  case.  The  prism-box  moves  about  the 
tube  C  as  an  axis,  so  that  the  lenses  and  prism  can  be  moved  far 
enough  to  the  right  to  allow  the  light  from  a  star  to  pass  without 
obstruction  into  the  focusing  eyepiece  E.  It  is  held  in  position  by 
the  set  screw  S,  working  in  a  slot  in  the  spectrograph  case. 

The  eyepiece  E  serves  to  identify  the  object  under  investigation, 
to  set  the  telescope  so  that  the  spectrum  wijl  fall  on  the  center  of  the 
plate,  and  finally  to  focus  the  spectrograph.  The  eyepiece  can  be 
moved  in  or  out,  and  its  position   be  read  off  on  the  accompanying 
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small  scale.  It  is  held  at  any  desired  reading  by  a  set  screw  ( not 
shown  in  the  drawing).  It  is  so  adjusted  that  when  the  spectrum  has 
by  trial  been  focused  on  the  plate,  the  object  itself  will  be  in  focus  in 
the  eyepiece  if  the  prism-box  be  moved  aside.  The  cross-wires  in  the 
eyepiece  are  illuminated  by  a  small  electric  lamp  placed  outside  the 
spectrograph  case.  It  shines  through  the  tube  C,  about  which  the 
prism-box  turns. 

The  guiding  eyepiece  £'  is  connected  with  the  staging  through 
two  slides  working  at  right  angles  to  each  other,  similar  to  the  two 
main  slides  carrying  the  entire  spectrograph.  When  the  star  under 
observation  has  been  brought  to  the  intersection  of  the  cross-wires  in 
the  focusing  eyepiece  E,  the  eyepiece  E'  can  be  moved  over  an  area 
15'  X  45'  in  search  of  a  suitable  guiding  star.  When  such  star  is 
found,  the  eyepiece  is  clamped  to  its  staging,  with  the  star  on  the 
intersection  of  the  cross-wires.  Since  this  staging  is  rigidly  attached 
to  the  plate  aa  carrying  the  spectrograph,  the  spectrum  will  remain  in 
correct  position  so  long  as  the  guiding  star  is  kept  on  the  cross-wires. 
The  lamp  for  the  guiding  eyepiece  is  shown  just  below  E' .  The 
electric  light  used  for  illuminating  the  wires  in  both  eyepieces  is  first 
passed  through  red  glass,  to  guard  against  fogging  the  sensitive  plate. 

-■ADJUSTMENTS  AND  METHOD  OF  OBSERVATION. 

The  first  adjustment  consists  in  bringing  the  plate  to  the  focus  of 
the  convex  lens,  and  this  is  done  before  prism  and  concave  lens  are 
mounted.  A  positive  eyepiece  is  fitted  in  the  place  for  the  plate- 
holder,  and  is  so  adjusted  that  its  focus  will  be  in  the  plane  of  the 
plate.  The  instrument  is  then  turned  to  a  distant  object  and  focused 
by  shifting  the  plate-box  into  position,  whereupon  the  box  is  clamped. 
In  this  adjustment  it  is  necessary  to  use  blue  glass  between  the  eye 
and  eyepiece,  as  the  convex  lens  by  itself  is  not  achromatic.  When 
the  adjustment  is  made  in  this  manner,  the  blue  light  is  the  only  light 
which  will  pass  through  the  prism  in  a  parallel  beam,  but  the  angles  of 
the  cones  of  the  other  colors  will  be  too  small  to  do  harm. 

After  the  prism  and  concave  lens  have  been  inserted,  the  focusing 
eyepiece  and  minimum  deviation  apparatus  are  adjusted.  For  this 
purpose  the  telescope  is  turned  to  a  bright  star  ;  and  using  the  eyepiece 
employed  in  focusing  the  convex  lens,  the  prism  is  set  at  minimum 
deviation  by  shifting  the  deviation  apparatus  in  the  usual  manner,  and 
clamping  it  in  the  correct  position. 

The  eyepiece  E  is  focused  best  by  a  modification    of   Hartmann's 
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method.  In  this  case,  a  rectangular  diaphragm  is  placed  over  the 
center  of  the  concave  lens  with  its  longer  dimension  at  right  angles  to 
the  edges  of  the  prism.  When  the  instrument  is  out  of  focus  we  shall 
see  two  parallel  lines,  each  the  continuous  spectrum  of  the  star.  The 
instrument  is  now  focused  approximately  by  means  of  the  eyepiece, 
after  which  the  prism  is  turned  to  the  side  and  the  eyepiece  E  is 
focused.  The  reading  of  the  scale  on  this  eyepiece  gives  approxi- 
mately the  correct  position  of  the  eyepiece.  To  find  the  accurate 
position  of  the  focus,  we  use  Hartmann's  method  of  taking  two  photo- 
graphs of  the  spectrum,  one  considerably  inside  focus,  and  the  other 
considerabl)'  outside,  measuring  the  distance  between  each  pair  of 
images,  and  from  these  data  interpolating  the  true  position.  In  this 
case  we  set  the  focusing  eyepiece  to  read,  first,  one  or  two  millimeters 
less  than  the  approximately  correct  reading,  and  then  one  or  two 
millimeters  more  than  its  correct  reading.  After  each  setting  the 
whole  spectrograph  is  moved  until  the  star  is  in  focus  in  this  eyepiece, 
then  the  prism  is  turned  into  position  and  a  short  exposure  is  made. 
During  the  exposure  it  is  necessary  to  guide  very  carefully,  as  any 
error  in  guiding  tends  to  widen  the  two  spectra,  .\fter  determining 
the  correct  focus  from  the  two  plates  thus  obtained,  the  eyepiece  is  set 
in  the  computed  position  and  clamped.  The  spectrum  then  and 
thereafter  is  focused  merely  by  moving  the  spectrograph  in  or  out  until 
the  object  is  in  the  focus  of  the  eyepiece. 

When  the  object  to  be  photographed  has  been  brought  to  the 
center  of  the  field  of  view,  the  instrument  is  focused  and  a  guiding 
star  found.  This  should  be  of  about  the  eighth  magnitude,  though  a 
fainter  one  can  be  used  if  necessary.  It  is  unavoidably  situated  so  far 
from  the  axis  of  collimation  that  its  image  is  always  very  much  dis- 
torted. The  shape  of  the  image  can  be  altered  by  moving  the  guiding 
eyepiece  in  or  out.  For  some  reason,  the  focus  of  the  telescope 
changes  during  a  long  exposure,  and  by  noting  any  alteration  in  the 
form  of  the  star  image  a  change  in  the  focus  can  be  detected.  By 
using  a  form  of  image  which  is  sensitive  to  slight  changes,  we  have  a 
very  accurate  method  of  adjusting  the  focus  in  the  progress  of  the 
exposure.  After  adjusting  the  guiding  eyepiece,  the  optical  train  is 
turned  into  position  and  the  exposure  begun. 

In  observing  some  of  the  stellar  nebuhie  whose  positions  are  not 
accurately  assigned,  difficulty  is  often  encountered  in  identifying  the 
objects.  If  they  are  brighter  than  the  eleventh  magnitude,  they  can 
usually  be  identified  by  their  green  color ;  but  when  they  are  fainter 
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than  this,  recourse  must  be  had  to  their  spectra.  Nearly  all  of  their 
visual  rays  are  concentrated  in  the  two  green  nebular  lines,  which  are 
so  close  together  in  this  instrument  that  they  cannot  be  resolved.  The 
result  is  that  their  spectra  appear  simply  as  dots,  while  a  star  with  its 
continuous  spectra  appears  as  a  line. 

The  length  of  exposure  depends  entirely  on  the  brightness  of  the 
lines.  Usually  the  extreme  ultra-violet  lines  require  much  longer 
exposure  than  the  others,  though  there  are  a  few  cases  in  which  they 
record  themselves  as  quickly  as  some  of  the  lines  in  the  lower  part  of 
the  hydrogen  series  of  the  same  spectra.  The  faintest  continuous 
spectrum  photographed  was  that  of  a  fifteenth-magnitude  star,  with  an 
exposure  of  four  hours.  The  spectrum  was  not  intense,  but  it  was 
abundantly  strong  for  purposes  of  interpretation. 

As  there  is  no  slit,  sky  light  and  moon  light  exert  their  full  effects 
on  the  plate,  and  it  is  therefore  not  possible  to  photograph  a  faint 
object  on  a  moonlight  night.  Several  photographs  of  fairly  bright 
objects  have,  however,  been  obtained  within  three  or  four  davs  of  full 
moon,  without  serious  injury  to  the  spectrum. 

The  plates  were  measured  on  a  Zeiss  comparator.  With  this  it  is 
possible  to  measure  to  o.i/u.;  but  as  only  rough  determinations  of 
wave-lengths  could  be  obtained  with  such  a  small  dispersion,  they  were 
measured  to  i  /x  only.  Even  this  is  accurate  enough  to  determine  the 
wave-lengths  by  computation  to  one  Angstrom  unit,  but  the  probable 
errors  were  so  great  that  the  results  were  taken  merely  to  the  nearest 
jLtju,.  To  determine  the  wave-lengths  of  unknown  lines,  a  dispersion 
curve  was  first  constructed.  This  curve  was  based  upon  the  measure 
of  known  lines  on  several  plates,  after  combining  them  by  the  method 
of  least  squares,  using  the  Cornu-Hartmann  formula.  It  was  found 
that  the  least  square  determination  was  unnecessary,  as  the  corrections 
which  it  gave  were  practically  zero.  This  curve  was  plotted  on  such  a 
scale  that  the  measures  could  be  laid  off  to  o.oimm,  and  the  wave- 
lengths read  at  a  glance  to  i  /x/x. 

In  working  with  a  spectrograph  of  this  kind,  where  no  comparison 
spectrum  is  possible,  all  the  measures  must  refer  to  some  known  line 
or  lines.  The  interpretation  of  unique  and  unknown  types  of  spectra 
would  have  to  depend  upon  a  comparison  of  the  positions  of  the  object 
and  surrounding  stars  with  the  relative  positions  of  the  unknown  spec- 
tral features  and  surrounding  spectra  on  the  same  plate.  Fortunately, 
in  the  spectra  photographed  thus  far  with  this  instrument,  many  feat- 
ures could  always  be  identified ;  and  I  have  in  every  case  used  the 
bright  Hy  line  as  the  point  of  reference  and  departure. 
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OBSERVATIONS. 

As  soon  as  the  spectrograph  was  completed  and  adjusted,  photo- 
graphs were  taken  of  the  spectra  of  various  objects  to  find  out  for  what 
work  an  instrument  of  this  kind  is  best  adapted ;  and  to  determine  its 
limitations.  It  is  evident  that,  because  of  the  small  dispersion,  it 
cannot  as  a  rule  be  used  to  advantage  on  dark-line  spectra,  but  some 
stars  have  been  photographed  with  dark  bands  broad  enough  to  show. 
This  limits  it  very  largely  to  bright-line  spectra,  though  it  has  great 
value  for  determining  the  nature  of  very  faint  spectra  of  all  kinds. 
Moreover,  since  there  is  no  slit,  the  object  must  not  be  so  large  that 
the  various  monochromatic  images  will  overlap  too  much,  and  this 
condition  confines  the  field  to  objects  no  larger  than  planetary  nebulas. 

Large  numbers  of  objects  having  various  spectral  types  promised 
to  yield  valuable  results;  but,  on  account  of  the  limited  time  at  my 
command,  my  program  was  confined,  with  the  director's  approval,  to 
comparatively  few  objects.     These  included  : 

a)  Such  planetary  nebulce  as  were  in  observing  position,  both  for 
purposes  of  comparison  with  results  reached  by  observers  using  other 
instruments,  and  in  the  hope  of  discovering  new  features  in  the  ultra- 
violet region.  It  was  not  expected  that  results  already  obtained  in  the 
Ht-H^  region  of  bright  objects,  by  observers  using  large  telescopes 
and  powerful  spectroscopes,  would  be  surpassed  or  even  equaled,  on 
account  of  the  feeble  dispersion  of  this  instrument. 

U)  Such  new  stars  as  were  in  observing  position. 

c)  The  central  star  in  the  Ring  Nebula  in  Lyra,  and  other  similar 
stars  and  stellar  nuclei. 

d)  .\  few  Wolf-Rayet  stars. 

After  the  most  of  my  observations  were  made.  Professor  Pickering 
suggested  that  the  long-period  variables  be  observed,  to  determine  just 
when  the  bright  hydrogen  lines  disappear ;  but  lack  of  time  prevented 
me  from  doing  so. 

An  interesting  series  of  observations  somewhat  similar  to  mine  was 
made  by  von  Gothard  in  1892  {^Astronomy  and  Astro- Physics,  1893,  p.  51). 
His  program  included  seven  of  the  brightest  planetary  nebulae,  the 
Ring  Nebula  in  Lyra,  and  Nova  Aurigae  after  its  reappearance.  His 
telescope  was  a  small  reflector,  the  scale  of  his  photographs  was  about 
the  same  as  mine,  and  his  results  for  the  brighter  nebuloe  in  the  region 
//77-X5007  agree  well  with  mine.  Some  of  his  nebulae,  however,  were 
too  large  for  the  Crossley  instrument. 

Altogether,  twenty-one  nebular  spectra  were  photographed  by  me 
between   June   and  September    1901.     After  my  departure,    Mr.   Joel 
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Stebbins,  Fellow  in  the  Lick  Observatory,  kindly  secured  for  me  with 
the  same  instrument  some  very  good  spectrograms  of  Nova  Aurigae, 
Nova  Fersei,  and  a  Wolf-Rayet  star. 

The  general  character  of  the  different  spectra  is  shown  in  Fig.  2. 
The   scale   of  the  original   negatives  was  too  small  to  permit  photo- 
graphic   enlargements 
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to  a  convenient  size  to 
be  made,  and  they  have 
been  enlarged  by  draw- 
ing them  to  a  scale  of 
one  inch  to  the  milli- 
meter. In  the  drawing, 
the  edges  of  the  disks 
appear  much  sharper 
than  on  the  original 
negative. 

It  will  be  noticed 
that  in  general  the  in- 
tensity of  the  continu- 
ous spectrum  of  the 
nebulae  has  a  minimum 
between  Hh  and  Hy. 
This  fact  is  confirmed 
^dj-R^yvt  f^o.H3  by  nearly  all  the  nega- 
tives, and  is  too  gen- 
eral a  characteristic  to 
be  passed  without  no- 
tice. It  seemed  hardly 
possible  that  the  spec- 
trum   of    the    nucleus, 
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to  which  it  was  supposed  that  this  belonged,  should  have  an  absorption 
band  at  this  place,  and  another  explanation  was  sought.  This  was 
found  by  plotting  Dr.  Campbell's  observations  of  G.C.  4390  on  the 
same  scale,  and  comparing  the  result  with  the  spectra  obtained  with 
the  slitless  spectrograph.  His  observations  were  made  with  a  large 
spectroscope  attached  to  the  36- inch  refractor.  A  glance  at  the  spec- 
trum marked  G.C.  4390  (Campbell)  will  show  that  he  found  the  bright 
lines  much  fewer  in  the  region  where  the  continuous  spectrum  is  weak 
in  the  spectrograms  taken  with  the  small  instrument.  His  observations 
of  N.G.C.  7027  give  the  same  results.     From  this  it  seems  safe  to  infer 
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that  the  apparently  greater  relative  strength  of  my  spectrograms  in  the 
Hy-Hfi  region  is  largely  due  to  the  presence  of  many  faint  overlap- 
ping bright  lines,  whereas,  in  the  region  H%-Hy  fewer  bright  lines 
exist.  A  further  support  of  this  theory  is  afforded  by  nebulee  N.G.C. 
6826,  and  N.G.C.  6891,  each  of  which  has  a  stellar  nucleus.  In  each 
case  the  spectrum  of  the  nucleus  has  an  almost  uniform  intensity 
throughout  its  entire  extent. 

A  simple  inspection  of  Fig.  2  will  show  one  of  the  marked  advan- 
tages of  the  reflector  and  quartz  prism  and  lenses  over  the  large 
refractor  and  glass  optical  train,  in  spectrum  observations.  Even  in 
the  favorable  nebula  G.C.  4390,  Campbell's  results  stop  at  Ht„  whereas 
the  slitless  spectrograph  record  extends  to  about  A.  337. 

NEBULA  ^'.G.c.  6210. 
This  is  described  as  very  bright  in  Dreyer's  Nnv  Genera!  Catalogue. 
Three  photographs  were  taken  with  exposures  of  i  minute,  5  minutes, 
and  30  minutes,  respectively.  The  last  is  the  best,  the  others  being 
underexposed.  The  images  are  rather  large,  as  the  nebula  is  not 
stellar,  but  most  of  them  are  pretty  distinct.  The  continuous  spectrum 
seems  to  be  of  the  kind  made  up  largely  of  overlapping  bright  lines, 
with  its  maximum  intensity  in  the  neighborhood  of  HI.  The  follow- 
ing bright  lines  were  found  :  principal  nebular  (^  A.  501 -fX  496),  H ft, 
Hy,  //8,  Hi,  X386  and  X  373. 

a:g.c.  6439. 
This  is  a  stellar  nebula  rated  at  thirteenth  magnitude  in  the  N.G.C. 
Satisfactory  plates  could  not  be  obtained  because  there  is  a  pretty 
bright  star  about  2'  due  north  of  it,  and  the  nebular  spectrum  appears 
to  overlap  the  stellar  spectrum.  Three  plates  were  made,  the  first  with 
I  hour  and  the  other  two  with  2  hours'  exposure.  The  principal  nebular 
lines,  Hft,  Hy,  and  Ht,,  are  shown,  though  the  last  two  are  faint. 

.v.G.c.  6537. 
This  is  a  stellar  nebula,  and  the  images  are  small.    Two  plates  were 
taken,  with  exposures  of    i  and    lyi    hours,  respectively,  but  both  are 
underexposed.     The  latter   shows   the    following   lines:    nebular, ///3, 
X466,  Hy,  Hh,  Hi,.     There  is  no  continuous  spectrum  recorded. 

N.G.C.  6543. 
This  is  a  planetary  nebula,  marked  "  v  B,  pS"  in  the  N.G.C.     It 
has  a  diameter  of  about  half  a  minute  of  arc,  which  is  as  large  as  can 
be  photographed  to    advantage   with    this  instrument.      Two   photo- 
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graphs  of  it  were  taken,  with  exposures  of  15  minutes  and  40  minutes, 
respectively.  The  former  is  the  better  of  the  two.  The  lines  are  very 
little  brighter  than  the  continuous  spectrum ;  and  being  large  they 
could  not  be  measured  accurately.  Those  identified  were :  nebular, 
-{-  HP,  Hy,  and  A,373.  Between  Hy  and  Hfi  the  continuous  spectrum 
is  narrow,  whereas  beyond  Hy  it  is  almost  as  wide  as  the  nebula,  as 
though  above  Hy  it  were  composed  of  overlapping  bright  lines.  On 
a  nebula  as  large  as  this  one,  it  would  take  very  few  lines  to  cause  such 
an  appearance,  the  hydrogen  series  alone  being  practically  sufficient. 
This  continuous  spectrum  also  extends  above  A. 373  to  A. 336  as  bright 
as  it  is  below  A 373.  It  would  seem  that  there  must  be  other  lines 
present  in  that  region; 

N.G.c.  ^567. 

This  is  a  stellar  nebula  of  the  eleventh  magnitude.  But  one  pho- 
tograph was  obtained,  with  an  exposure  of  i  hour  30  minutes.  The 
images  are  quite  small,  though  not  small  enough  to  show  the  Hp  line 
separated  from  the  nebular  lines.  It  contains  the  following  lines : 
nebula,  +HP,  Hy,  HS,  He,  HI  and  X373. 

The  continuous  spectrum  recorded  is  of  the  type  described  above 
as  probably  due  largely  to  overlapping  bright  lines.  Between  Hy  and 
^8  it  is  faint,  and  between  Ht,  and  A373  it  is  almost  invisible,  but 
everywhere  else  it  is  bright. 

G.c.  4390. 
The  spectrum  of  this  nebula  is  shown  in  Fig.  2,  as  well  as  the  spec- 
trum obtained  by  Dr.  Campbell,  reduced  to  the  scale  of  these  spectro- 
grams. The  nebula  is  nearly  stellar,  described  as  "v  B."  Two  pho- 
tographs were  obtained,  with  exposures  of  10  and'  15  minutes,  respect- 
ively.    The  former  is  the  better,  although  both  are  good. 

N.G.C.  6741. 

This  spectrum  is  also  shown  in  Fig.  2.  It  is  a  stellar  nebula,  but  an 
exposure  of  three  hours  was  able  to  bring  out  a  continuous  spectrum 
only  from  Hp  to  Hy  and  from  He  to  H^  Another  exposure  of  one 
hour  failed  to  show  any  continuous  spectrum.  A  new  nebular  line  is 
strongly  suspected  at  A 345,  but  it  is  not  absolutely  certain. 

.v.f/.c.  6790. 
This  is  a  stellar  nebula  of  the  9.5  magnitude;  and  as  it  has  been 
observed   by  Campbell  with  a  larger  spectroscope,  little  need  be  said 
about  it  here.    Three  photographs  of  20  minutes',  i  hour's,  and  3  hours' 
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exposure,  respectively,  were  obtained.  The  first  two  show  no  contin- 
uous spectrum,  but  the  third  records  one  with  a  gap  between  Hy  and 
and  ^S.  This  spectrum  is  illustrated  in  Fig.  2.  The  continuous 
spectrum  above  X373  seems  to  be  fluted,  with  condensation  at  XX 363, 
356,  and  352,  but  they  are  very  faint  and  their  existence  is  doubtful. 

N.c.c.  6803. 
This  is  a  stellar  nebula  showing  only  a  very  faint  continuous  spec- 
trum. Two  photographs  were  obtained,  one  with  an  exposure  of  i 
hour,  and  the  other  with  2  hours  30  minutes.  The  latter  shows  just 
the  faintest  trace  of  a  continuous  spectrum  from  Hji  to  Hy,  and  from 
.^8  to  a  little  way  beyond  X373.  The  bright  lines  which  were  identified 
are:  nebular,  H^,  X468,  X446,  Hy,  Hl,H(.,  Ht„  X373,  and  perhaps 
one  at  X365,  though  the  existence  of  the  last  is  very  doubtful. 

N.G.c.  6807. 
This  is  a  stellar  nebula  without  the  slightest  trace  of  a  continuous 
spectrum.     Three  photographs  were  obtained,  with  exposures  of  45 
minutes,  57  minutes,  and  3  hours,  respectively.     They  contain:   nebu- 
lar, H^,  Hy  HI,  Hi,  and  HI,   lines. 

.v.G.c.  68 1 8. 
This  is  a  nebula  described  in  the  JV.G.C.  as  "B,  vS,"  but  is  never- 
theless almost  too  large  for  this  kind  of  work.  Two  photographs  were 
obtained,  with  exposures  of  10  minutes  and  32  minutes,  respectively. 
The  former  is  underexposed.  The  spectrum  consists  of  a  pretty  strong 
continuous  spectrum  extending  out  to  X372,  with  the  following  bright 
lines  :  nebular,  Hfi,  Hy,  HZ,  X375  and  X372. 

N.G.c.    6826. 

This  is  described  as  "B,  pL"  in  the  N.G.C.  The  nebula  is  rather 
large,  and  contains  a  bright  stellar  nucleus  which  gives  a  continuous 
spectrum.  A  drawing  of  the  spectrum  is  given  in  Fig.  2.  Two  pho- 
tographs were  obtained,  with  exposures  of  15  minutes  and  i  hour, 
respectively.  The  former  is  the  better,  though  in  both  the  spectrum 
of  the  nucleus  is  overexposed.  The  lines  are  probably:  nebular,  H^, 
Hy,  Ht,,  and  X373.     The  continuous  spectrum  extends  to  X333. 

N.G.c.   6833. 

This  is  one  of  the  finest  stellar  nebulae.  It  is  the  only  case  in  which 
H^  was  suspected  visually,  the  image  seen  in  this  case  being  somewhat 
elongated.     On  the  plate  it  is  distinctly  separated  from   the  nebular 
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lines.  But  one  plate  was  taken,  with  an  exposure  of  i  hour  55  min- 
utes. It  contains  the  following  lines:  nebular,  Hfi,  A.446,  Hf,  Hh, 
Hi,  Hi,,  and  A373.  The  continuous  spectrum  extends  to  X348,  with 
a  slight  minimum  of  intensity  between  Hy  and  He..  The  variation  in 
the  brightness  of  the  continuous  spectrum  is  less  noticeable  in  this 
case  than  in  most  of  the  others. 

y.G.c.  68S1. 

This  is  a  stellar  nebula,  with  spectrum  quite  different  from  most  of 
the  others.  Two  photographs  were  taken,  with  exposures  of  2  hours  and 
3  hours,  respectivel}',  and  they  show  only:  nebular,  -\-  Hp,  X468,  Hy, 
AX422  and  388.  There  is  a  continuous  spectrum  from  about  A450  to 
A.360,  which  seems  to  be  fluted  between  the  X422  andX388  lines.  Still, 
the  spectrum  is  too  faint  to  allow  us  to  decide.  An  exposure  of  at 
least  four  hours  would  be  necessary  to  make  sure  of  this  point,  and 
opportunity  to  secure  it  did  not  offer. 

.V.G.C.   6884. 

This  is  a  typical  stellar  nebula.  The  one  photograph  secured  with 
exposure  of  i  hour  shows  the  following  lines:  nebular,  Hp,  A467,  Hy, 
H8,  He,  Hi,  and  X376.  There  is  a  continuous  spectrum  from  Hfi  to 
Hy,  and  from  He  to  A  34S. 

x.G.c.  6886. 

This  is  a  fine  stellar  nebula.  But  one  photograph  was  obtained, 
with  an  exposure  of  i  hour.  It  is  an  excellent  one,  and  shows  the 
images  round  and  small.  A  drawing  of  it  is  given  in  Fig.  2.  This 
was  the  first  nebula  in  which  the  new  line  A345  was  noticed.  There  is 
no  trace  of  a  continuous  spectrum. 

N.G.C.  6891. 

This  is  a  planetary  nebula  with  a  stellar  nucleus.  One  photograph 
was  taken  with  an  exposure  of  30  minutes.  A  drawing  of  it  is  given 
in  Fig.  2. 

A'.c.c.  6905. 

This  is  described  as  " !  ! ,  B,  p  S  "  in  the  N.G.C.  It  is  simply  a 
patch  of  nebulous  matter,  shading  off  gradually  toward  the  edges. 
One  photograph  was  taken  with  an  exposure  of  i  hour,  which  gives 
only  one  image  of  the  nebula,  due,  probably,  to  the  principal  nebular 
lines. 
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A'.C.C.    7009. 

This  is  described  as  "!!I,vB"  in  the  N.G.C.  For  so  small  a 
nebula  it  shows  a  great  deal  of  structure.  Three  photographs  were 
taken,  with  exposures  of  5  minutes,  10  minutes,  and  20  minutes, 
respectively.  They  record  the  nebular,  H^,  Hy,  Bh,  and  Ht,  lines, 
as  well  as  a  continuous  spectrum  belonging  to  the  center  of  the  nebula. 
This  continuous  spectrum  extends  out  to  A. 345.  At  the  .^S  line  it 
widens  out  to  the  width  of  the  nebula,  as  though  from  there  out  to  the 
ultra-violet  the  whole  nebula  gives  out  faint  continuous  light,  or  that 
there  are  several  overlapping  faint  lines. 

.v.G.c.  7027. 

This  is  the  brightest  of  the  stellar  nebulae  photographed,  being 
given  as  8.5  magnitude  in  the  N.G.C.  Two  photographs  were  taken, 
with  exposures  of  15  minutes  and  30  minutes,  respectively.  The  latter 
is  the  better  of  the  two,  although  the  nebular  lines  are  so  overexposed 
as  completely  to  cover  Hfi.  In  this  nebula  the  X345  line  is  as  bright 
as  B^.  There  seems  to  be  a  very  faint  line  at  A.  337.  It  is  very  faint, 
but  its  existence  is  scarcely  doubtful.  The  continuous  spectrum  has  a 
minimum  between  Hy  and  Hi.,  but  it  does  not  extend  quite  so  far  as 
the  A.  345  line. 

N.G.C.  7354. 

This  is  described  as  "BS"  in  the  jiV.6^.C.  One  photograph  was 
taken  with  an  exposure  of  2  hours,  which  shows  simply  a  single  fairly 
bright  image  of  the  nebula,  due  to  the  nebular  lines,  and  an  exceed- 
ingly faint  continuous  spectrum. 

.VOV.A  PERSE/. 

Several  plates  of  Nova  Persci  vitrt  taken  from  September  igoi,  to 
March  1902,  but  the  best  plate  was  secured  for  me  by  Mr.  Stebbins  on 
October  14,  with  an  exposure  of  30  seconds.  A  drawing  of  this  is 
given  in  Fig.  2.  A  note  on  this  spectrum  has  been  published  by  Mr. 
Stebbins  in  Lick  Observatory  Bulletin  No.  8.  In  general  the  spectrum 
is  like  that  of  the  stellar  nebulce,  but  resembling  that  of  N.G.C.  7027 
most  strongly.  The  main  difference  between  them  is  that  in  Nova 
Persei  the  brightest  lines  are  in  the  ultra-violet,  the  green  nebular  lines 
being  faint.  The  line  suspected  in  N.G.C.  7027  at  A.  337  is  present 
here,  to  add  to  the  similarity;  and  the  line  at  A  345  discovered  by  me 
in  N.G.C.  6741  and  N.G.C.  6886  is  an  exceedinglv  strong  line  in 
Nova  Persei.  The  continuous  spectrum  also  ends  at  about  the  same 
place  in  N.G.C.  7027  and  the  Nova. 
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XOVA  AVRIGAE. 

Three  photographs  of  this  star  were  taken  for  my  use,  at  the  direc- 
tor's request,  by  Mr.  Stebbins  on  September  12  and  13,  1901,  with 
exposures  of  30  minutes,  i  hour  30  minutes,  and  3  hours  20  minutes, 
respective!)-.  The  last  is  the  best,  and  is  shown  in  Fig.  2.  The  visual 
magnitude  of  the  star  was  about  13.  Von  Gothard'  observed  this 
with  his  objective  prism  on  September  15,  1892,  when  its  magnitude 
was  10.5.  His  observations  are  the  best  to  compare  with  mine,  because 
his  dispersion  was  almost  the  same  as  mine.  He  found  seven  lines  in 
this  part  of  the  spectrum,  and  a  rather  faint  continuous  spectrum,  with 
a  maximum  brightness  in  the  neighborhood  of  He..  Our  plate  made 
nine  years  later  shows  four  lines  on  a  nearly  uniform  background 
of  continuous  spectrum  almost  as  bright  as  the  lines  themselves. 
Plainly  the  bright  lines  are  growing  relatively  weaker. 

NOVA  CYGNI   1876. 

One  photograph  was  obtained  on  August  12,  1901,  with  an  exposure 
of  four  hours.  This  showed  that  the  spectrum  has  become  contin- 
uous. At  that  time  the  Nova  was  estimated  at  about  the  fifteenth 
magnitude,  yet  the  sp£ctrum  is  very  distinct.  The  plate  records 
spectra  of  several  stars  as  faint  as  fifteenth  visual  magnitude.  The 
last  published  observation  of  this  star  was  by  Copeland  and  Lohse 
(Copernicus,  H,  105)  in  1881.  At  that  time  they  surmised  that  the 
spectrum  had  become  continuous,  because  they  could  see  nothing  of 
it,  whereas,  had  it  been  a  bright-line  spectrum,  they  thought  it  should 
have  been  visible. 

WOLF.RAYET.  NO.  43. 
0=  19''  SCy",  8  =+30=   19'. 

Mr.  Stebbins  took  two  photographs  of  this  star,  with  exposures  of 
15  minutes  and  60  minutes,  respectively.  The  spectrum  is  shown  in 
Fig.  2.  The  most  noticeable  difference  between  this  and  the  nebulas 
is  the  absence  of  the  nebular  lines.  The  continuous  spectrum  is  nearly 
uniform. 

KIXG    NEBUI..4    IN    LYRA. 

As  the  central  star  in  this  nebula  was  the  principal  object  in  mind 
when  Professor  Keeler  designed  the  spectrograph,  it  was  one  of  the 
first  objects  observed  after  the  instrument  was  completed  and  adjusted. 
Three  plates  were  taken  of  it,  two  with  exposures  of  30  minutes,  and 
one  with   2  hours;  but  the  results  obtained   for  the  star  were  mostly 

^  Publications  A.  S.  P.,  1893,  152. 
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negative.  The  rings  are  so  large  that  they  overlap,  and  only  the  two 
brightest  images  can  be  distinguished  —  those  due  to  the  nebular  lines 
-\- Hfi,  and  to  X373.  The  hydrogen  lines  are  probably  present,  as  the 
whole  region  between  these  images  is  darkened,  probably  by  the  over- 
lapping images.  The  peculiar  thing  about  it  is  that  the  A. 373  line  is 
so  much  brighter  than  all  of  the  others.  Von  Gothard  also  noticed 
this  fact.  His  instrument  was  better  adapted  to  this  object  than  the 
Crossley  Reflector  is,  because,  having  a  shorter  focal  length,  the  rings 
were  smaller;  but  having  the  same  dispersion,  their  centers  were  just 
as  far  apart  and  consequently  did  not  overlap  so  much.  The  only 
trace  of  the  central  star  on  these  photographs  is  an  extremely  faint 
line,  present  on  all  three,  extending  from  the  violet  edge  of  the 
green  nebular  ring  to  the  red  edge  of  the  X373  ring.  This  line  is 
too  faint  to  be  seen,  except  with  the  unaided  eye.  The  two-hour 
exposure  shows  a  dot  near  the  middle  of  the  A.373  ring,  but  if  this 
is  due  to  the  central  star  the  image  is  a  little  more  refrangible  than 
A  373.  This  dot  is  also  present  in  the  30-minute  exposure,  though 
it  is  so  faint  that  its  presence  would  not  be  suspected  had  it  not  been 
first  noticed  in  the  long  exposure. 

From  the  fact  that  the  spectrum  of  the  central  star  is  not  con- 
spicuous on  these  plates,  it  seems  probable  that  it  is  almost  wholly 
continuous,  with  perhaps  a  bright  line  near  X373.  The  photographs 
taken  by  Professor  Keeler  showed  that  photographically  the  star  is 
brighter  than  the  nebula;  and  the  theory  that  its  light  is  spread  out 
into  a  band,  while  the  light  of  the  nebula  is  concentrated  in  a  few 
bright  lines,  seems  to  be  the  only  one  which  explains  the  observed 
phenomena. 

CONCLU.SIONS. 

One  of  the  principal  purposes  of  this  investigation  was  to  deter- 
mine the  efficiency  of  the  slitless  quartz  spectrograph  attached  to  the 
Crossley  Reflector,  for  the  photography  of  very  faint  spectra.  Its 
power  in  this  respect  is  surprisingly  great.  It  is  well  illustrated  in  the 
case  of  Nova  Cygni.  The  visual  magnitude  of  this  star  was  estimated 
by  Professor  Barnard  in  igor  to  be  15.6.  My  four-hour  exposure, 
with  fair  following  and  focus,  recorded  its  continuous  spectrum  in 
good  strength,  well  up  into  the  ultra-violet.  The  character  of  the 
spectrum  could  have  been  determined  had  the  image  been  consider- 
ably less  intense.  This  spectrum  may  be  relatively  stronger  in  the 
photographic  regions  than  ordinary  stellar  spectra,  though  the  spectra 
of  many  adjacent  fifteenth-magnitude  stars  are  recorded   satisfactorily 


234  MINOR  COXTRIBUTIONS  AND  NOTES 

on  the  same  plate.  It  would  be  perfectly  practicable  to  carry  the 
exposures  up  to  ten  hours  or  more;  the  guiding  could  be  more  accu- 
rate, now  that  the  principal  sources  of  the  irregularity  in  diurnal 
motion  have  been  removed  ;  and  perhaps  the  more  stable  new  tele- 
scope mounting  will  eliminate  the  present  unfortunate  changes  in  the 
focus  during  exposures.  Considering  these  facts,  I  am  reasonably  con- 
fident that  this  instrument  can  record  the  continuous  spectrum  of  the 
faintest  star  visible  in  the  36-inch  telescope  under  the  corresponding 
atmospheric  conditions.  Further,  in  the  case  of  stellar  nebulae,  etc., 
whose  spectra  contain  well  defined  bright  lines,  I  do  not  doubt  that 
the  instrument  will  record  the  principal  bright  lines  of  objects  too 
faint  to  be  seen  in  our  most  powerful  telescope. 

It  is  only  for  work  on  very  faint  spectra  that  this  spectrograph  is 
efficient.  Its  dispersive  power  is  very  low,  and  it  should  seldom  be 
used  on  spectra,  or  on  those  portions  of  spectra,  bright  enough  to  be 
recorded  by  relatively  longer  exposures  with  instruments  giving  greater 
dispersion. 

For  qualitative  studies  of  general  spectral  features  this  spectrograph 
is  efificient  on  spectra  of  small  objects,  whether  continuous  or  bright 
line;  but  for  quantitative  results  its  usefulness  is  limited  largely  to 
small  and  faint  bright-line  spectra. 

For  most  of  the  objects  observed  a  60^  prism,  and  for  some  of  the 
objects  two  60"  prisms,  would  have  been  an  improvement  over  the  present 
50°  prism;   requiring,  of  course,  the  reconstruction  of  the  instrument. 

For  some  of  the  stellar  bright-line  objects  a  convex  lens  of  twice 
the  present  lens's  focal  length  would  have  had  an  advantage  in  separat- 
ing close  lines  on  the  photographic  plate,  permitting  at  the  same  time 
more  accurate  determinations  of  wave-lengths.  This  would  probably 
alter  the  character  of  the  field  of  the  combination  somewhat. 

It  is  possible  that  a  similar  instrument  on  twice  the  linear  scale, 
/'.  £'.,  with  lenses  and  prism  having  50  mm  apertures — with  perhaps  a 
60°  prism  —  would  be  efificient  and  practicable  for  the  objects  of 
medium  brightness  on  my  list. 

New  nebular  lines  at  A 337  and  A. 345  were  discovered.  These  lines 
were  later  found  to  exist  in  the  spectrum  of  N'ova  Peisei,  from  the 
plate  taken  October  14,  1901.  The  nebular  character  of  the  Nova 
spectrum  is  thus  established  for  the  extreme  ultra-violet  region,  as  had 
previously  been  done  for  the  other  regions. 

The  spectrum  of  Nova  Cygtii,  which  in  1876  was  of  the  usual  "new 
star"  type,  and  later  changed  into  the  nebular  type,  has  now  become 
continuous,  with  no  signs  of  bright  lines. 
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The  bright  lines  in  the  nebular  spectrum  of  Nova  Aurii>ii('  are  now 
relatively  faint,  and  the  spectrum  appears  to  be  approaching  the  con- 
tinuous type. 

These  complete  and  astonishingly  rapid  changes  of  spectral  types 
observed  in  the  cases  of  Nova  Cygni  and  Nova  Aurigae — and  likewise 
those  observed  in  Nova  Nortnae,  Nova  Sagittarii,  Nova  Persci,  etc. — 
leave  little  doubt  that  the  masses  of  these  objects  are  small. 

All  the  new  stars  of  recent  years  should  be  re-observed  with  this 
spectrograph  every  year,  to  keep  account  of  the  progressive  changes 
in  their  spectra.  The  importance  of  carrying  out  this  plan  can 
scarcely  be  overestimated. 

The  relative  intensities  of  nebular  and  other  bright  lines,  as  well 
as  of  continuous  spectra,  are  shown  more  accurately  on  the  plates 
secured  with  this  spectrograph  than  on  those  made  with  instruments 
absorbing  the  blue  and  violet  very  strongly. 

The  spectrum  of  the  central  star  in  the  Ring  Nebula  in  Lyra  seems 
to  be  not  of  an  unusual  type,  unless  perhaps  it  contains  a  bright  line 
near  A373.  It  is  quite  possible  that  the  star  is  somewhat  brighter 
photographically  than  visually;  at  least,  photographic  evidence  is  not 
opposed  to  this  theory. 

The  great  intensity  of  the  A. 373  ring  in  the  Ring  Nebula  perhaps 
explains  one  point  in  nebular  photography.  Professor  Keeler  found 
that  for  most  nebulje  an  exposure  of  three  hours  gave  the  best  results, 
whereas  the  best  photograph  of  the  Ring  Nebula  was  obtained  in  ten 
minutes.  While  the  Ring  Nebula  is  brighter  than  the  average  bright 
nebula,  this  brief  exposiire  of  ten  minutes  is  out  of  proportion  to  its 
visual  brightness;  but  its  radiations  being  mostly  in  the  ultra-violet,  it 
should  have  a  somewhat  greater  photographic  than  visual  brightness. 

I  wish  to  thank  Mr.  Joel  Stebbins,  Fellow  in  the  Lick  Observatory, 
for  assistance  in  taking  some  of  the  photographs,  and  for  making 
several  exposures  during  my  absence  from  the  Observatory;  and  Dr. 
Campbell  for  his  many  suggestions  during  the  course  of  the  work. 

Marolu  King  F.^i.mkk. 
June  i,  1902. 
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VELOCITY  STARS    (1902-1903). 

By  Edwin  B.  Frost  and  Walter  S.  Adams. 

DuKiNO  the  past  year  one  part  of  the  program  of  work  with 
the  Bruce  spectrograph  of  the  Yerkes  Observatory  has  been  the 
observation  of  the  list  of  stars  adopted  for  co-operative  observa- 
tion by  those  engaged  in  line-of-sight  work  with  the  largest 
spectrographs  now  in  use.  The  scheme'  of  co-operation  that 
seemed  to  represent  the  views  of  those  interested  called  for 
three  spectrograms  per  year  of  each  of  the  ten  stars  (all  having 
spectra  of  the  solar  type) ,  taken  if  possible  at  about  the  date  of 
the  star's  opposition  and  thirty  days  before  and  after  opposition. 
It  was  recommended  that  additional  observations  should  be  made 
of  a  Bootis  and  a  Persei  throughout  the  year.  The  choice  of 
comparison  spectrum  and  mode  of  reduction  was  to  be  left 
wholly  to  the  different  observers,  variety  being  considered 
desirable.  A  style  of  publication  was  suggested,  uniform  as 
regards  the  minimum  amount  of  data  to  be  communicated. 

We  have  endeavored  to  carry  out  the  plan  of  co-operation  as 

'"Co-operation  in  Observing  Radial  Velocities  of  Selected  .Stars,"  Astrotiivsicai. 
Journal,  16,  169-177,  October  1902. 
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closely  as  possible  since  July  1902,  but  the  weather  conditions 
on  the  two  nights  weekly  allotted  to  the  spectrograph  have  not 
permitted  us  to  obtain  the  plates  as  nearly  on  the  schedule  dates 
as  we  desired.  In  fact,  we  were  able  to  obtain  but  a  single 
plate  of  ^  Leporis  during  the  past  winter.  The  list  of  stars,  with 
the  approximate  dates  at  which  they  were  to  be  observed,  if 
possible,  is  as  follows  : 

aArietis,  Oct.  i,  Nov.  I,  Dec.  i. 

a  Persei,  Oct.  23,  Nov.  23,  Dec.  23. 

p  Leporis,  Nov.  10,  Dec.  10,  Jan.  10. 

/3  Geniinorum,        Dec.  12,  Jan.  12,  Feb.  12. 

a.  Craieris,         Feb.  14,  March  14,  April  14. 

a  Bobtis,  March  13,  April  13,  May  13. 

p  Ophittchi,  Ma)-  15,  June  15,  July  15. 

1  Aquilae,  June  22,  July  22,  Aug.  22. 

e  Pegasi,  July  24,  .^ug.  24,  Sept.  24. 

y  Pischim,  Aug.  13,  Sept.  13,  Oct.  13. 

With  the  exception  above  noted,  we  have  obtained  three 
measurable  plates  of  each  of  the  above  stars,  and  several  extra 
plates  of  aBootis,  but  unfortunately  no  extra  plates  of  a  Persei. 
We  have  also  secured  a  few  plates  of  the  supplementary  stars 
proposed  by  M.  Belopolsky  as  substitutes  for  the  southern  stars 
of  the  above  list,  which  would  be  beyond  his  reach.  Control 
plates  of  the  Moon  and  planets  have  also  been  taken  at  intervals 
to  test  the  performance  of  the  spectrograph.  The  results  for 
these  plates  are  given  below  for  the  period  covered  by  the  plates 
of  standard  stars. 

A  detailed  description  of  the  Bruce  spectrograph,  v.-ith  illus- 
trations, has  been  given  in  this  Journal,"  and  need  not  be 
repeated  here.  The  principal  changes  which  have  been  made 
since  that  article  was  written  have  been  :  ( i )  the  use  of  the  lens 
instead  of  the  mirror  for  projecting  on  the  slit  the  image  of  the 
spark  which  furnishes  the  comparison  spectrum;  (2)  the  use  of 
a  small  disk  of  ground  glass  at  a  distance  of  20  mm  in  front 
of  the  slit,  for  diffusing  the  light  of  the  spark,  and  insuring  the 
complete  and  uniform  illumination  of  the  collimator  by  the  rays 
from  the  spark;   (3)  a  Hastings  isokumatic  collimator  lens  has 

'15,  1-27,  January  1902. 
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been  substituted  for  the  triple  of  the  same  size  (51mm)  and 
focal  length  (958  mm)  at  first  used,  resulting  in  some  slight 
improvement  in  the  previously  excellent  performance  of  the 
collimator. 

The  camera  lenses  which  have  been  employed  in  the  work- 
included  in  this  paper  are  designated  as  A,  B,  and  B'.  A  is  a 
Zeiss  anastigmat  of  the  "Protar"  type,  of  71  mm  aperture  and 
449  mm  focus,  purchased  of  Bausch  and  Lomb;  B  is  a  triple  lens, 
designed  by  Professor  Hastings  and  constructed  by  Brashear,  of 
76  mm  aperture  and  607  mm  focus  ;  and  B ' ,  a  triple  from  the  same 
source  as   B,  is  of   57  mm  aperture  and  of  the  same  focus  as  B. 

As  the  scale  of  the  plates  taken  with  camera  B  is  one-third 
larger  than  for  A  plates,  and  as  their  definition  is  somewhat  bet- 
ter at  the  center,  we  have  naturally  preferred  to  use  camera  B, 
which  practically  requires  the  same  exposure  time  as  A.  B, 
however,  has  at  times  shown  a  disposition  to  become  astigmatic, 
probably  due  to  pressure  on  its  cemented  surfaces  within  its  cell, 
and  A  has  always  been  used  when  the  trial  plates  suggested  any 
lack  of  sharpness  in  the  lines  given  by  B.  Hence  A  has  been 
employed  for  about  one-third  of  the  plates  concerned  in  this 
paper.  Despite  its  smaller  scale,  camera  A  performs  quite  as 
well,  if  not  better  than  B.  as  inferred  from  the  accordance  of  the 
velocities  deduced  from  different  lines  on  the  same  plate.  (See 
the  values  of  e  in  the  details  of  measurements.)  Camera  B'  is 
also  a  cemented  system,  but  has  25  per  cent,  less  aperture  than 
B,  and  is  also  mounted  in  a  spring  cell,  so  that  no  untoward 
effects  are  to  be  feared  from  pressure. 

The  performance  of  the  great  refractor  has  been  most  satis- 
factory in  work  with  the  spectrograph.  The  addition  of  a  long- 
focus  finder,  without  tube,  having  a  six-inch  object-glass  attached 
beside  the  cell  of  the  forty-inch  lens  with  an  eyepiece  near  the 
spectrograph,  enables  the  observer  to  bring  a  star  very  quickly 
upon  the  slit,  regardless  of  the  flexure  of  the  great  tube. 

The  temperature-case  of  the  spectrograph  has  also  operated 
in  a  very  satisfactory  manner,  as  will  appear  from  an  examina- 
tion of  the  records  of  the  temperature  in  the  outer  and  inner 
cases  given  in  the  journal  of  observations. 
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Additional  details  regarding  the  instrument,  together  with  a 
new  photograph  of  it  and  its  accessories,  may  be  found  in  our 
paper  on  the  "Radial  Velocities  of  Twenty  Stars  having  Spectra 
of  the  Orion  Type"  in  the  forthcoming  Vol.  II  of  the  Publications 
of  the  Yerkes  Observatory . 

The  dispersion  and  scale  of  the  plates  for  cameras  A  and  B 
are  as  follows : 


Wave- 

Angular  Dis- 
Tenth-Metek 

Tenth-Meters  pes  mm 

Length 

Camera  A 

Camera  B 

4300 
4500 
4700 

45-7       * 

33-S 

26.0 

10. 0 

13-5 
17.6 

7-4 

10. I 

13-1 

On  well-exposed  spectra  of  the  solar  type  a  sufficient  number 
of  good  stellar  lines  is  usually  found  within  a  range  of  about  130 
tenth-meters  (or  13  mm  for  camera  B),  with  the  center  at  about 
\4480,  which  is  the  ray  passing  the  prisms  at  the  angle  of 
minimum  deviation. 

The  titanium  spark  has  been  chiefly  employed  for  the  com- 
parison spectrum  on  these  plates,  but  electrodes  of  iron  and 
chromium,  and  a  helium  tube  can  be  readily  rotated  into  the 
proper  position  for  use  when  desired.  ■  Plate  VIII,  taken  from  the 
already  cited  article  in  the  Publications  of  this  Observatory,  illus- 
trates the  distribution  of  the  comparison  lines  of  the  /"/spectrum, 
and  shows  the  quality  of  stellar  spectrum  obtainable.  The  use 
of  a  small  self-induction  coil  obviates  the  presence  of  any  air 
lines  in  the  comparison  spectrum,  which,  without  the  coil,  are 
less  pronounced  with  77  than  with  most  metallic  electrodes. 

MEASUREMENT    OF    THE    PLATES." 

The  plates  have  been  mcasureil  with  two  screw-comparators 
constructed  by  Wm.  Gaertner  &  Co.,  of  Chicago.  The  screws 
have  a  pitch  of  0.5  mm,  and  the  head  is  large,  so  that  the  single 

'An  extended  discussion  of  this  topic,  and  of  the  various  sources  of  errors  in  our 
determinations  of  radial  velocities,  is  given  in  the  volume  of  the  Piil>licatio7ts  already 
alluded  to,  which  has  at  this  writing  been  in  type  for  about  eight  months.  Kor 
details  the  reader  is  referred  to  that  paper. 
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divisions  (o.OOl  mm)  can  be  easily  read  through  a  small  magni- 
fier and  estimated  to  tenths.  A  distance  of  less  than  20  mm  is 
ordinarily  measured  on  the  spectra  here  in  question — in  fact, 
for  A  plates  usually  only  about  10  mm,  and  for  B  plates  about 
13  mm.  Four  settings  are  made  on  each  of  the  comparison  and 
stellar  lines  which  the  observer  desires  to  emplov,  and  then  the 
plate  is  reversed  under  the  microscope  (so  that  the  violet  side 
shall  be  toward  the  right  instead  of  the  left),  and  the  process  is 
repeated. 

The  measurements  in  the  two  positions  are  combined  to 
means,  and  then  reduced  with  the  aid  of  the  simple  Hartmann 
formula,  the  constants  of  which  are  determined  from  three 
standard  comparison  lines  selected  near  the  middle  and  ends 
of  the  portion  of  spectrum  measured.  The  computed  wave- 
lengths of  the  various  other  comparison  lines  distributed  along 
the  plate,  always  selected  so  as  to  be  as  near  as  possible  to  the 
best  star  lines,  serve  to  give  successive  checks  upon  the  accuracy 
of  the  "fit"  of  the  formula.  The  corrections  to  formula  thus 
obtained  are  applied  to  the  corresponding  or  intervening  star 
lines,  with  such  (linear)  interpolation  as  may  be  necessary.  We 
have  feared  the  dangers  of  abitrariness  in  any  process  of  smooth- 
ing out  the  accidental  errors  of  settings  by  a  curve,  so  that  the 
accordance  of  the  velocities  deduced  from  different  lines  on  the 
same  plate  is  less  than  it  might  be  otherwise;  but  the  mean  of 
the  values  probably  may  be  regarded  as  quite  as  trustworth)-, 
and  is  certainly  free  from  errors  due  to  prepossession  in  curve- 
drawing.  From  the  values  of  the  apparent  wave-lengths  of  the 
stellar  lines  thus  derived,  the  displacements,  and  hence  the  cor- 
responding velocities,  are  immediately  inferred.  It  is  hardly 
necessary  to  remind  the  reader  that  the  full  amount  of  any  error 
in  the  relative  wave-length'  of  any  line  enters  into  our  result,  a 
relative  error  of  o.Oi  tenth-meter  producing  an  error  of  0.7  km 
per  second  in  the  velocity  deduced  for  that  Iine.='  It  will,  how- 
ever, be  easy  to  correct  our  results  later,  as  subsequent  laboratory 

'  Taken  from  Rowland's  "  Preliminary  Table  of  Solar  Spectrum  Wave-Lengtlis." 

°  Unless  the  star  line  is  identical  with  the  comparison  line,  so  that  a  direct  dis- 
placement is  measured. 
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observations  shall  gradually  remove  the  relative  errors  in  Row- 
land's tables.  In  our  computations  we  carry  the  wave-lengths 
to  the  third  decimal  place,  as  given  by  Rowland,  but  of  course 
we  do  not  attach  significance  to  measures  on  any  given  plate 
beyond  the  hundredth  of  a  tenth-meter.  Similarly,  though  we 
carry  out  our  reductions  to  the  hundredth  of  a  kilometer,  it  is 
clear  that  the  uncertainties  of  the  wave-lengths,  quite  aside  from 
the  accidental  errors  of  measurement,  seriously  affect  the  tenths 
of  a  kilometer. 

Tests  made  by  ourselves  and  by  others  indicate  that  the 
measurement  of  the  plate  in  the  two  positions  under  the  micro- 
scope largely  eliminates  the  physiological  error  due  to  the  dif- 
ference in  the  nature  of  the  process  of  setting  a  dark  thread 
upon  a  white  star  line  and  the  same  dark  thread  upon  a  dark 
comparison  line  (on  the  negative).  Our  systematic  errors  of 
this  sort  would  be  quite  large,  about  4  km  for  Frost  and  2  km 
for  Adams,  but  with  opposite  signs. 

Preliminary  investigations  of  the  periodic  errors  of  the  screws 
of  the  two  comparators  were  made  during  the  progress  of  this 
work,  and  errors  were  found,  reaching  a  maxirrium  of  4/1  for  one 
machine  and  of  3/i  for  the  other.  It  was  found  that  they 
changed  when  the  nut  was  more  tightly  clamped  to  the  screw, 
which  was  occasionally  necessary,  as  the  screws  tapered  slightly 
from  both  ends  toward  the  center.  Corrections  have  therefore 
not  been  applied  for  the  errors  of  the  screws  in  this  year's 
work,  and  new  screws  are  being  supplied  to  replace  the  present 
ones.  However,  for  reasons  fully  set  forth  in  our  article  on  the 
Orioji  stars,  it  does  not  appear  to  us  probable  that  the  radial 
velocity  of  any  solar  star  deduced  from  measures  of  one  plate 
will  be  affected  by  over  O.ikm  on  account  of  screw-errors.  The 
general  accordance  in  the  measures  of  the  same  plate  by  the 
two  observers  with  the  two  different  machines  is  confirmatory  of 
this  opinion. 

We  desire  to  emphasize  the  independent  character  of  the 
measurements  of  a  plate  by  the  two  observers.  The  selection  of 
the  lines  of  both  comparison  and  stellar  spectrum  was  made  by 
the  measurer  without  reference  to  his  own  or  the  other  observer's 
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measures  of  other  plates  of  the  same  star,  and  no  comparisons 
were  made  until  all  the  reductions  were  completed.  There  has 
been  no  attempt  to  secure  conformity  in  the  habit  of  the  two 
observers  in  making  settings.  Thus,  for  instance,  A.  is  accustomed 
to  make  his  settings  on  the  inner  tips  of  the  comparison  lines, 
while  F.  has  followed  the  practice  of  setting  upon  a  certain  point 
estimated  as  one-third  of  the  length  of  the  comparison  line  from 
the  inner  tip.  Of  course,  the  corrections  for  curvature'  have" 
been  different  for  these  two  distances  from  the  center  of  the  star 
spectrum,  which  distance  is  the  argument  in  our  table  of  curva- 
ture corrections.  But  if  anv  serious  error  had  entered  in  the 
habit  of  either  observer  in  regard  to  the  point  at  which  the  set- 
ting is  made,  it  would  appear  as  a  persistent  systematic  differ- 
ence in  the  results,  which  we  cannot  discover. 

It  is  not  to  be  doubted  that  the  observers'  mode  of  setting 
may  change  with  time  and  experience,  but  we  have  not  found 
any  such  changes,  of  magnitude  sufficient  to  be  regarded  as  real, 
during  our  work  since  the  Bruce  spectrograph  has  been  in  opera- 
tion. The  differences  that  occur  in  the  results  of  the  independent 
measurements  of  the  same  plate  by  F.  and  by  A.,  tabulated  below, 
are  perhaps  disappointingly  large;  and  the  deviations  of  the 
separate  plates  from  the  mean  may  be  larger  than  would  be 
anticipated  by  those  who  have  not  directly  engaged  in  line-of- 
sight  work  ;  but  they  seem  in  an}-  event  to  be  of  an  accidental 
character.  It  is  perhaps  safe  to  say  that  at  present,  with  a 
stable  spectrograph,  errors  due  to  personality  are  quite  as  much 
to  be  feared  as  errors  due  to  instrumental  sources. 

We  have  elsewhere'  discussed  the  effect  of  our  assumption 
of  solar  wave-lengths  for  spark  lines.  If  arc  and  spark  wave- 
length are  absolutely  identical,  we  might  expect  that  a  systematic 
correction  to  our  results  would  be  required  to  compensate  for 
the  displacement  of  lines  due  to  pressure  in  the  stellar  atmos- 
phere. There  are  not  at  present  sufificient  observational  data 
available  for  making  such  corrections  (to  the  solar  wave-lengths), 

'  These  are  applied  to  the  mean  of  the  settings  on  each  comparison  line,  and  do 
not  further  appear  in  the  reductions. 

^ Loc.  cit.,  p.  155. 
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and  furthermore  our  control  plates  on  the  Moon  and  the  planets 
do  not  reveal  such  a  systematic  difference  from  the  computed 
velocities. 

The  excellent  character  of  manv  lines  in  the  stellar  spectra, 
which  are  made  up  of  two  or  more  lines  too  close  to  one  another 
to  be  separated  with  the  dispersion  employed,  has  necessitated 
the  use  of  a  number  of  blends.  In  all  such  cases  we  have  fol- 
lowed the  usual  practice  of  assigning  weights  to  the  component 
lines  according  to  the  intensities  given  them  in  Rowland's  table, 
and  taking  the  weighted  mean  of  their  wave-lengths  as  the 
wave-length  of  the  compound  line.  The  maximum  distance 
between  two  lines  for  which  blertding  is  admissible  depends  upon 
the  practical  separating  power  of  the  instrument.  On  lantern- 
slide  plates  of  the  solar  spectrum  the  least  distance  at  which  two 
lines  can  be  seen  as  distinct  is  about  o.  I  5  tenth-meter.  The  less 
fine-grained  plates  used  for  stellar  spectra  do  not  admit  of  the 
resolution  of  such  close  lines,  and  with  them  the  limit  is  usually 
from  0.25  to  0.30  tenth-meter,  according  to  the  quality  of  the 
plate  and  the  character  of  the  lines  involved.  In  addition  to  the 
matter  of  separation,  it  is,  of  course,  necessary 'to  determine  the 
intensitv  which  a  line  must  have  in  order  to  exert  an  appreciable 
influence  upon  a  closely  adjacent  line.  The  answer  to  such  a 
question  is  naturally  somewhat  difficult ;  an  examination,  how- 
ever, of  solar  and  planetar\'  plates  has  led  us  to  the  conclusion 
that,  upon  a  plate  of  quality  suitable  for  good  measurement,  a 
line  of  intensity  o  on  Rowland's  scale  is  appreciable,  while  fainter 
lines  may,  in  general,  be  neglected.  A  few  exceptions  are  found 
to  this  rule,  but  these  occur  mainly  in  cases  of  uncommonlv 
strong  lines,  when  the  influence  of  the  faint  component  a|)pears 
to  be  negligible. 

The  arbitrary  character  of  the  assumption  of  equal  intensities 
for  the  same  lines  in  the  Sun,  and  in  stars  which  arc  classed 
broadly  under  the  solar  type,  finds  its  justification  in  the  agree- 
ment of  the  values  deduced  from  lines  whose  wave-lengths  have 
been  obtained  under  this  assumption  with  those  derived  from 
uncomj)ounded  lines  whose  wave-lengths  arc  subject  to  no  uncer- 
tainty due  to  this  cause ;   and   also    in  the   accord   of  the    com- 
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pounded  lines  with  the  same  lines  in  planetary  and  lunar  spectra 
where  the  above  method  of  blending  is  evidently  rigorously  cor- 
rect. In  the  case  of  the  stars  discussed  in  this  paper  the  wave- 
lengths of  the  blended  lines,  found  in  the  way  described  above, 
have  proved  quite  satisfactory  for  all  except  a  Persei.  The 
spectrum  of  this  star,  however,  is  of  a  less  developed  type  than 
that  of  the  other  stars,  its  most  striking  characteristic  being  the 
prominence  of  the  "  enhanced  "  metallic  lines.  When  such  lines, 
accordingly,  have  formed  the  most  important  part  in  the  com- 
position of  the  blends  used  for  the  other  stars,  the  wave-length 
of  the  enhanced  line  alone  has  in  each  case  been  used,  and  the 
results  obtained  have  shown  this  to  be  unquestionably  the  cor- 
rect procedure. 

The  table  which 'follows  contains  the  wave-lengths  of  all  of 
the  blended  lines  which  we  have  employed  two  or  more  times  in 
the  course  of  our  reductions,  together  with  the  elements  to  which 
they  are  due.  Those  which  have  been  employed  but  once  are 
indicated,  where  they  occur  in  the  tables  of  detailed  redr.ctions, 
by  the  letter  B,  following  the  wave-length  of  the  line. 


Elements 

Wave  Length 

Elements 

Wave  Length 

Elements 

Wave-Length 

Ni:   Ti,  Cr 

4399-903 

AV,-  Fe 

4466.701 

—  .•  Cr;  Fe 

4526.644 

V;  Fe:  V 

4408.549 

Fe:  Ag 

76.214 

Ti;  — 

27.518 

Ti;  Fe 

27.420 

—,Fe:  Fe 

82.376 

Ti-Co;  — 

34-168 

Fe:   Ti 

34.021 

Ni:  Fe,-~ 

90.900 

Ni;  Fe:  Ni 

47.196 

Ca:  Fe 

35-l«4 

Cr;   Zr 

07.046 

Ni,  Ti:  Fe 

60.225 

Mn;  Ca 

56.030 

Cr,Mn;  Ti 

4501.422 

Cr;   Co-Fe 

65-750 

Ti;  V,Zr:Mn 

57.656 

—  ;  Fe 

15.475 

Ca;  Co,  Fe 

81.634 

Ni;  Fe;  Fe,  Cr 

59-304 

Fe?;—  Ti 

22.853 

Cr;  Fe 

4611.455 

V;  Mn;- 

60.460 

jOURN.-\L    OF    OBSERVATIONS. 

The  table  which  follows  contains  the  observational  data  for  all 
of  the  plates  discussed  in  this  article.  As  usual  the  series  letters 
A,  B,  and  B'  refer  to  the  three  cameras  already  described  earlier 
in  this  [laper.  The  iniddle  of  the  star  exposure  is  given  in  Green- 
wich Mean  Time,  and  the  hour  angle  at  the  end  of  the  exposure 
is  added  to  indicate  the  position  of  the  telescope  at  the  time. 

The  exposure  of  the  plate  to  the  comparison  spectrum  has 
commonly   been    made    at   the    beginning   and    end   of   the   star 
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Moon 

e  Pegasi 

(3  Ophiuchi  .  . 

e  Pegasi 

7  Piscium  . . . 

a  Persei 

7  Aquilae  .  .  . 
Moon 

0  Bootis 

Moon 

7  Piscium  .  .  . 
7  Aquilae  . . . 

e  Pegasi 

a  Arietis  . .  . . 

Moon 

7  Cephei 

a  Arietis  . . . . 

a  Persei 

7  Ptscium  . . . 
Moon 

1  Aurigae  . .  . 
P  Leporis .... 

a  Persei 

7  Cephei 

o  Arietis  .  .  . . 
^  Gevtinoruin 
Mars 

e  Leonis 

Moon 

a  Crateris  . . . 

a  Bootis 

)3  Geminorum 

Mars 

a  Bootis 

7  Cephei 

j3  Getninorum 

e  Leonis 

Moon 

a  Bootis 

a.  Crateris  .  . . 

e  Leonis 

a  Crateris  .  .  . 

Mars 

§  Ophiuchi  .  . 

a  Bootis 

7  Cephei 

Mars 

Venus 

^  Ophiuchi  . . 
7  Aquilae  . . . 


A  350 
A  364 
B378 
B379 
B  381 
B  382 
B  398 
B  401 
A  373 
B  408 
B415 
B417 
B  418 
B  420 
B423 
B  428 
B  430 
B431 
8436 
B  444 
B  446 
B  449 
B458 
B  464 
B46S 
B477 
B478 

B483 
A  387 
B  491 
B  492 
A  398 
A  400 
B  497 
A  424 
A  426 
A  427 
A  429 

^^433 

A  438 

A  443 

A  444 

A  445 

A4SI 

B'  499 

B'  501 

B'  502 

B'  505 

B'  S08 

B'  509 


July        16 

July 

Aug. 

Aug. 

Aug. 

Aug. 

Aug. 

Aug. 

Sept. 

Sept. 


Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Nov. 
Nov. 
Nov. 
Nov. 
Nov. 
Nov. 
Dec. 
Dec. 


Jan. 

8 

Ian. 

16 

Feb. 

4 

Feb. 

4 

Feb. 

S 

Feb. 

S 

March 

24 

April 

3 

April 

8 

April 

8 

April 

8 

April 

8 

April 

16 

April 

22 

April 

22 

April 

22 

April 

30 

May 

6 

May 

6 

May 

b 

June 

16 

June 

26 

June      26 


14  28 
19  15 

15  06 

16  37 

19  23 

20  53 

17  02 

15  47 
7  43 

10  n 

14  38 

14  12 

16  14 
ig  08 

15  44 

17  44 

13  23 

14  21 

14  39 

13  38 

15  31 

19  55 

13  27 
10  35 

18  35 

20  13 

20  56 

21  56 

14  28 

19  55 

21  39 
19  31 

22  15 
22  48 

15  41 

15  14 

16  n 

18  35 
21  46 

17  24 
14  48 

16  56 
iS  46 

19  55 
14  44 

17  42 
19  20 

14  II 

15  3' 
17  25 


40 

62 

77 

70 
120 

30 
100 

37 

I5± 

35 
153 

125 

93 
40 

30 
70 
50 
40 
120 
40 
75 
90 

75 
52 


25 
16 

132 
52 

157 
35 
95 
20 

ICO 

50 

9 

83 


40 
25 
50 
32 
c; 
55 
40 
45 
46 
25 
35 

GO 
05 

15 

35 
25 
35 
45 

W  3  30 
W  I  30 


0.030 
0.032 
0.038 
0.038 
0.038 
0.020 
0.038 
0.038 
0.025 
0.038 
0.038 
0.038 
0.038 
0.038 
0.028 
0.038 
0.038 
0.038 
0.038 
0.032 
0.032 
0.038 
0.038 
0.038 
0.038 
0.038 
0.038 

0.038 
0.038 
0.04s 
0.045 
0.038 
0.038 
0.038 
0.038 
0.038 
0.038 
0.038 
0.030 
0.038 
0.030 
0.042 
0.030 
0.038 
0.038 
0.038 
0.038 
0.020 
0.040 
0.040 
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Series 

and 
Number 

Comparison 
Beginning 

End 

Begi. 

Temperature 
ining                  End 

Seeing 

l 

1 

0 

Remarks 

A  350 

Ti    5         Ti 

5 

23-4 

23-9 

23.6 

24.2 

"    2 

I 

A 

Light  cirrus 

A  364 

li  45         Ti 

45 

25-5 

25.4 

25-5 

25.4 

3 

3 

A 

clouds. 

B378 

Ti  30         Ti 

30 

21.5 

■21.5 

21.5 

21.5 

3-4 

3-4 

F 

B379 

Ti  20         Ti 

33 

21.5 

21.4 

21.4 

21. 1 

4 

3-4 

F 

B^8l 

Ti  24         Ti 

28 

21.5 

21.5 

21.5 

21.5 

4 

4-3 

F 

B382 

Ti  80         Ti 

19 

21.4 

21. 1 

4 

4 

F 

B398 

T/sOfCrgo  7V'40, 

Cr  90 

22.2 

22.2 

22.2 

22.2 

3 

3-4 

A 

Image    very 

B  401 

7«  40         Ti 

45 

22.2 

22.4 

3 

3 

A 

unsteady. 

A  373 

Ti 

115 

20.3 

20.2 

3-0 

2 

A 

Frequent 

B408 

Ti  40         Ti 

40 

12.7 

12.7 

12.7 

12.4 

3 

I 

A 

clouds. 

B415 

Ti 45         Ti 

35 

20.1 

20.0 

20.1 

20.3 

3 

2 

A 

B417 

TV  20  at  13:3s 

rj40 

12.4 

12.2 

12.4 

12.3 

2 

2 

F 

B418 

Ti  30         Ti 

15 

12.4 

II.S 

12.4 

12.0 

2 

2-3 

F 

B  420 

Ti  20         Ti 

40 

12.4 

12.0 

12.3 

11.8 

2 

2 

F 

B423 

Ti  30         Ti 

40 

15.4 

15.4 

15-4 

15.3 

3 

A 

B428 

Ti  20         Ti 

20 

10.3 

lo.u 

10.2 

9-9 

2-3 

2-3 

F 

B430 

Ti 40         Ti 

35 

7-4 

7.6 

7.5 

7.6 

2 

2-1 

A 

B431 

Ti  40         Ti 

25 

7-5 

7.6 

2 

2 

A 

B436 

Ti  30         Ti 

30 

12.8 

12.4 

12.8 

12.5 

4 

4 

F 

B444 

Tito 

7-1 

7.1 

7.1 

6.9 

3 

F 

B446 

Ti  30         Ti 

30 

7.2 

7-1 

7.3 

7.1 

4 

4 

F 

B449 

Ti  25         Ti 

25 

7.2 

7-3 

7-2 

7-3 

4 

4 

A 

B458 

Ti  35        Ti 

25 

9.8 

9.9 

9.8 

9.8 

3 

3-4 

A 

Heavy  dew  on 

B464 

Ti  25         Ti 

30 

—  0.2 

0.0 

—  0.1  +  0.4 

4 

3 

F  A 

object-glass. 

B465 

Ti  2S 

—  0.1 

-   0.6 

—  0.1 

-  0.4 

4 

4-3 

F 

Star's   light 

B477 

Ti  20         Ti 

IS 

-   1.2 

-    1.2 

—   1.2 

—    lo 

4 

2 

A 

cut  down  by 

B478 

Ti  24         Ti 

16 

-   1-3 

-    1.4 

—    1-3 

—    1.2 

4 

I 

A 

snow  clouds 
after  15  :  10. 

B483 

Ti  25         Ti 

25 

—  10.2 

—  10.4 

—  10.2 

-10.3 

3 

3 

A 

A  387 

Ti  20         Ti 

20 

-  0.3 

—    O.I 

-   0.4 

-   0.8 

3 

A 

B491 

Ti  15         Ti 

15 

-  4-8 

-  4.8 

-   4.8 

3 

2 

F 

B492 

Ti  15        7-1 

15 

-  5-0 

—   4.9 

-'4'.6 

3 

2 

F 

A  398 

Ti  25        Ti 

25 

-  6.1 

-  6.0 

-   6.1 

-   6-3 

3 

4 

A 

A  400 

Ti  23        TV 

20 

-  6.1 

-  6.4 

-   6.1 

-   6.6 

3 

3 

A 

B497 

7";  40 

0.0 

0.0 

2 

2 

A 

A  424 

Ti  30        Ti 

30 

1-3 

1.2 

1.4 

1.4 

3 

3 

F 

A  426 

Ti  30         Ti 

25 

14.7 

14.8 

14.8 

14.8 

3 

I 

A 

A  427 

Ti  25         TV 

25 

14.8 

14.8 

14.8 

14.8 

3 

1-2 

A 

A  429 

TV  25         n 

25 

14.8 

14.9 

14.8 

14.5 

3 

A 

A  433 

7V  32         TV 

30 

14.8 

14.9 

14.8 

14.8 

3 

2 

A 

A  438 

TV  20        Ti 

25 

8.3 

8.0 

8.2 

7.8 

4 

3 

A 

A  443 

Ti  30         rz 

35 

9-7 

10.5 

10.2 

9-7 

4 

4+ 

F 

A  444 

TV  25         Ti 

30 

9-9 

10.4 

9.9 

10. 1 

3 

4 

F 

A  445 

Ti  25        TV 

35 

9-9 

10. 0 

9-9 

9.3 

3 

4 

F 

A4SI 

Ti  25        T-j 

25 

4-5 

4.4 

4.5 

4.0 

3-0 

3 

A 

Cloudy  from 

B'499 

TV 

120 

I3-I 

12.6 

I3-' 

12.9 

3 

3 

F 

13:00- 

B'501 

C»-4Si7"mo  7>'55,C>-40 

I3-I 

13.0 

13.1 

12.3 

2-3 

2-3 

F 

13:35- 

B'502 

Cr  60,  n  80 

13.2 

12.4 

2-1 

2 

F 

B'505 

TV  180,  Cr  150 

19.5 

ig.b 

3 

2 

A 

B'508 

TV  50         Ti 

85 

23-3 

22.g 

23.1 

22.5 

2 

3 

K 

B'509 

Ti  45         T'' 

65 

231 

24.5 

23.1 

23-3 

3 

3-4 

F 
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exposure,  and  the  length  in  seconds  is  given  by  the  number  fol- 
lowing the  symbol  of  the  element  employed.  The  temperature 
conditions  during  the  star  exposure  are  indicated  in  the  column 
headed  "Temperature."  The  letter  i  refers  to  the  thermometer 
within  the  prism  box,  o  to  the  thermometer  in  the  large  outside 
temperature  case.  The  readings  are  given  only  for  the  begin- 
ning and  end  of  the  exposure,  as  these  indicate  in  the  case  of  all 
the  plates  considered  here  the  maximum  range  of  temperature 
through  which  the  air  within  the  prism-box  has  passed.  The 
last  column  of  the  table  gives  the  estimated  transparency  of  the 
sky  and  the  steadiness  and  qualitv  of  the  star's  image,  in  the 
order  named,  and  on  a  scale  of  6  to  5,  5  denoting  perfect  condi- 
tions in  each  case. 

The  kind  of  photographic  plate  employed  is  not  stated  in  the 
journal  of  observations.  Previous  to  December  1902,  Seed's 
"Gilt  Edge  27,"  were  used  almost  exclusively.  Since  that  time 
the  majority  of  photographs  have  been  made  with  Seed's  double- 
coated  non-halation  plates,  with  the  outer  emulsion  also  of  the 
"Gilt  Edge  27"  quality.  The  principal  developers  used  have 
been  rodinol  and  edinol. 

We  are  indebted  to  Mr.  F.  R.  Sullivan,  engineer  in  charge 
of  the  telescope,  for  much  efficient  assistance  in  the  labor  of 
guiding  during  the  exposures  entered  in  the  list. 

DETAILED    REDUCTIONS. 

The  tables  of  detailed  reductions  which  follow  are  divided 
into  two  parts,  the  first  containing  the  results  given  by  the  plates 
of  the  Moon  and  the  planets  which  have  been  taken  as  a  check 
upon  the  behavior  of  the  spectrograph,  and  the  second  the 
results  for  the  stars  whose  discussion  forms  the  subject-matter 
of  this  article.  We  have  endeavored,  so  far  as  possible,  to 
make  the  form  of  tabulation  the  same  for  both. 

The  time  and  hour  angle  given  for  each  plate  refer  to  the 
middle  of  the  exposure.  The  former  is  expressed  in  Greenwich 
Mean  Time.  The  first  column  of  the  table  gives  the  wave- 
length employed  for  the  stellar  line,  and  following  it  in  parallel 
columns  is  the  vclocitv  founil  for  tliat  line  by  each  observer.     The 
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mean  for  each  observer  is  given  to  hundredths  of  a  kilometer  in 
order  to  avoid  error  in  the  formation  of  the  final  mean,  but  the 
latter  is  given  only  to  tenths  of  a  kilometer.  On  account  of  the 
great  amount  of  repetition  involved,  it  has  not  seemed  desirable 
to  give  the  wave-lengths  of  all  the  comparison  lines  used  in  the 
reduction  of  the  plates,  but  the  number  of  lines  so  used,  as  well 
as  the  wave-lengths  of  the  standard  lines  employed  in  the  deter- 
mination of  the  constants  of  the  reduction  formula,  is  found  at 
the  foot  of  the  table  for  each  plate. 

All  of  the  velocities  given,  as  well  as  the  mean  errors,  are, 
of  course,  expressed  in  kilometers  per  second. 

CONTROL    PL.ATES    OF    THE    MOON    .\ND    THE    PLANETS. 

The  series  of  Moon  and  planet  plates  given  below  covers 
practically  the  whole  interval  over  which  the  stellar  results  given 
in  this  paper  extend.  The  first  five  plates  of  the  Moon  are 
summarized  in  a  short  table,  the  details  of  their  reduction  being 
given  in  Vol.  II  of  the  Publications  of  the  Yerkes  Observatory. 

The  theoretical  velocities  both  of  the  Moon  and  of  the  planets 
have  been  computed  with  the  aid  of  the  formulae  given  in  so 
convenient  a  form  by  Professor  Campbell. 

One  plate  of  Mars,  B'502,  has  been  excluded  from  the  list 
given,  as  it  was  found  on  development  that  the  glass  was  broken 
diagonally  across,  the  photographic  film  alone  holding  the  frag- 
ments together. 

MOON. 


Series 

Hour 
Angle 

Meas- 

Num- 

Com- 

Quality 

Date 

ber  of 

Mean 

puted 

o.-c. 

of 

Number 

by 

Lines 

Velocity 

Plate 

A  350 

igo2,  July    16,  14''  28"" 

E  0''  42"" 

A. 

13 

+0.4 

+0.4 

0.0 

Fair 

B401 

.Aug.  27,  21    47 

K  3  44 

A. 

14 

—  I.I 

-1-5 

+0.4 

Fair 

B408 

Sept.  13,  16    13 

W  I    14 

A. 

12 

+0.1 

-1-0.2 

—  O.I 

Good 

B423 

Oct.    15,  IS    44 

E  I    01 

A. 

13 

-0.6 

-0.4 

—  0.2 

Good 

B444 

Nov.     6,  13    38 

W  2   54 

A. 

14 

-1-0.7 

-1-0.6 

+0.1 

Good 
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JI/ARS—B4-JS. 

1902,  December  31,  20*"  56"'.      Hour  angle,  E  2''  41".  Measured  by  A. 

Planet  spectrum  a  trifle  weak ;  comparison  spectrum  weak. 


'Line,  Wave-Length  in  Sun 

Velocity 

Line,  Wave-Length  in  Sun 

Velocity 

4468.663 

-17.11 

4565-750 

-17.07 

82.376 

14.94 

Si. 634 

17-27 

4501.422 

17.92 

84.01S 

17-66 

28.798 

16.49 

4611-455 

19.44 

48.938 

18.06 

54.211 

15-74 

63-939 

18.33 

(II) 

Number  of  comparison  lines  . . 

9         • 

( 

4468.663 

Mean     - 

-17-3 

Ti  standards  used -j 

4534-139 
4617.452 

Computed  velocity     - 

-I7-I 

MOON  — A3S7. 

1903,  Januar)'  16,  20''  40"".  Hour  angle,  E  o''  42"= 

Moon  spectrum  good;   comparison  spectrum  good. 


Velocity 

Velocity 

in  Sun 

F. 

A. 

'  in  Sun 

F. 

A. 

4427.420 

+0.14 

-I. 56 

4494-738 

—  3.60 

-1.27 

42.510 

-1.15 

-1.82 

97.046 

—  3.60 

-1-53 

43-976 

-1.62 

4501.422 

-2.13 

-1-33 

47.892 

-fo.94 

0.00 

22.S53 

-1-0.27 

56.030 

-1-95 

28.798 

+0.33 

-0.73 

57-656 

-2.49 

+0-87 

34.168 

-1.19 

68. 663 

—  0.40 

54.211 

—  I. "SI 

76.214 

—  0.07 

82.376 

-0.80 

(12) 

(12) 

No.  of  compar.  lines 

II 

II 

Means         —1.29 

-0.89 

4427.266 

4427.266 

Mean         —  i 

.  I 

Ti  standards  used  - 

4481.438 
4555.662 

4481.438 
4527.490 

Computed  velocity         — 0 

.6 

STANDARD   VELOCITY  STARS 
MARS—  A  400. 


251 


1903,  February  15,  22''  Ij"".  Hour  angle,  \V  0''  25" 

Planet  spectrum  fair;  comparison  spectrum  fair. 


Velocity 

Velocity 

Line,  Wave-Length 

Line,  Wave-Lenglh 

F. 

A. 

in  Sun 

F. 

A. 

4427.420 

-15-85 

-16.46 

4494-738 

—  16.21 

—  15.61 

42.510 

I4-3« 

14.65 

4501 .422 

14-32 

16.  12 

43-976 

12.69 

13-97 

28.798 

14-37 

15-03 

47.892 

13-48 

14.56 

34-168 

15.21 

56.030 

14.47 

54.211 

19.62 

57.656 

15.20 

15.40 

68.663 

13-76 

12-55 

.      76-214 

10.38 

82.376 

13-98 

90.900 

16.09 

(12) 

(12) 

No.  of  compar.  lines 

13 

9 

Means           —14.56 

-14.97 

( 

4427.266 

4427.266 

Mean         —  1 

4.8 

Ti  standards  used  -j 

4481.438 
4555-662 

4481.438 
4527.490 

Computed  velocity         —  i 

5-5 

MOON— A  429. 

1903,  April  8,  18''  35".  Hour  angle  W  2''  53"".  Measured  by  A. 

Moon  spectrum  fair;  comparison  spectrum  good. 


Line,  Wave-Length  in  Sun 

Velocity 

Line,  Wave-Length  in  Sun 

Velocity 

4427.420 

+2'.  9 1 

4482.376 

+2.74 

42.510 

2.16 

97.046 

2.00 

47.892 

2.97 

4501 .422 

0.60 

56.030 

'•55 

17.702 

3-19 

57-656 

2.35 

28.798 

0.20 

68.663 

0.00 

76.214 

0-54 

(12) 

Number  of  comparison  lines.. . 

10 

( 

4427.266 

Mean 

+  1.8 

4481.438 
4527.490 

Computed  velocity 

+  1-3 
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MJRS—Ai^S- 

1903,  April  22,  iS""  46".  Hour  angle  \V  2''  52"". 

Planet  spectrum  fair ;  comparison  spectrum  good. 


Velocity 

Velocit>- 

Line,  Wave-Length 

Line,  Wave-Length 
in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

+4-13 

+3-39 

4476.214 

+7-70 

+6.10 

35-184 

5.81 

82.376 

7.29 

6.49 

41.881 

6.21 

94-738 

3-94 

42.510 

5.87 

5. 87 

97-046 

1-53 

3.20 

43-976 

7.02 

4501 .422 

3-73 

47.892 

5-19 

4.18 

15-475 

3-92 

6.57 

56.0^0 

S.18 

4-78 

26.644 

6.82 

57-656 

5-45 

2S.798 

6.42 

4-37 

59-304 

5-31 

54.211 

7.04 

68.663 

2.64 

3-22 

(14) 

(15) 

No.  of  compar.  lines 
( 

14 
4427.266 

II 
4427.266 

Means 

+5-14 

+5-I6 

Ti  standards  used  -^ 

4496.318 

4481-438 

Mean     + 

5-2 

( 

4555-662 

4527.490 

Computed  velocity     + 

5-2 

1903,  June  16,  14''  1 1" 


V£NUS-^  B  505. 
Hour  angle  W  5''  6'" 


Measured  by  A. 


Planet  spectrum  good ;  comparison  spectrum  good. 


Line,  Wave-Length  in  Sun 

Velocity 

Line,  Wave-Length  in  Sun 

Velocity 

4427.420 

-13-39 

4482.376 

-11.44 

42.510 

"53 

94-738 

14.01 

43-976 

11.32 

97.046 

13-07 

47.892 

11.58 

4501.422 

11.99 

56.030 

12.57 

26.644 

13-99 

57-656 

13-31 

28.798 

14.05 

68.663 

14-55 

76.214 

11.72 

(■4) 

Number  of  comparison  lines.. . 

10 

( 

4427.266 

Mean     - 

12.8 

Ti  standards  used -j 

4481.438 
4527.490 

Computed  velocity     - 

-13.2 

The  mean  \aluc  of  O.  — C.  for  the  above  eleven  plates  taken 
with  regard  to  sign  is  +0.10  km.  A  <]uantity  of  this  size  might 
easily  be  due  to  accidental  causes,  so  that  the  conclusion  may 
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be  drawn  that  the  control   plates  show  no  evidence  of  the  exist- 
ence of  any  sj-stematic  error  in  the  spectrograph. 

STANDARD    VELOCITY    STARS. 

The  following  tables  give  the  results  of  our  measures  upon 
the  plates  of  standard  velocity  stars.  The  ten  stars  of  the  prin- 
cipal list  are  arranged  in  order  of  right  ascension,  followed  by 
three  stars  which  we  have  observed  in  the  supplementary  list. 

In  addition  to  the  data  given  for  the  control  plates,  we 
append,  for  the  star  plates,  the  mean  error  e  of  the  determina- 
tion of  the  velocity  from  a  single  line  for  each  observer,  and  the 
mean  error  £„  of  the  final  velocitv  of  the  star  deduced  bv  each 
observer  from  one  plate,  viz.: 


'\n-i    ' 


and     < 


The  reduction  of  the  star's  velocitv  to  the  Sun  is  given  in  its 
two  parts,  Va  denoting  the  correction  due  to  the  Earth's  orbital 
motion,  and  Vj  the  correction  due  to  the  Earth's  diurnal  rota- 
tion. Schlesinger's  tables  of  star  constants  for  the  determination 
of  Va  have  been  employed  throughout. 

Reference  should  be  made  to  the  fact  that  all  of  the  measur- 
able plates  obtained  are  included  in  the  reductions  given  below, 
and  that  none  have  been  omitted  because  of  inferior  quality  or 
lack  of  agreement  with  other  plates. 
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a  ARIETIS—'R  J^zo. 

1902,  October  9,  19''  oS"".  Hour  angle  W  0''  25 

Star  spectrum  very  good;  comparison  spectrum  very  good. 


Vel 

Dcity 

Velocity 

Line,  Wave-Lcngth 

Line,  Wave-Length 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

-23-03 

-23-37 

4482.376 

-21.34 

-22.82 

28.711 

21-53 

94-73S 

23.68 

24.02 

41.881 

23.70 

97.046 

22.40 

23-74 

42.510 

23-42 

22.89 

4501.422 

24.25 

23-58 

43-976 

23.62 

12.906 

21  .33 

47-892 

22.38 

26.644 

23.12 

56.0^0 

24.09 

22.01 

28. 798 

22.  12 

23.64 

60.460 

23.20 

48.938 

23.40 

68.66:5 

21  .20 

54.211 

24-29 

76.214 

23-65 

21.78 

(14) 

(15) 

No.  of  compar.  lines 

12 

II 

Means 

—  22.90        —23.07 

f 

±  I.  10 

±0.78 

Mean 

-22. 98 

fo 

±0.29 

±0.21 

r^ 

+9-70 

( 

4427.266 

4427.266 

l\i 

—  0 .  03 

Ti  standards  used  -j 

44SI.438 

44S1.438 

Reduction  to  Sun 

+    9-67 

( 

4527-490 

4527.490 

Radial  velocity 

-13-3 

aARIETIS—'B  ^lo. 
1902,  October  29,  13''  23"".  Hour  angle  E  4'' 

Star  spectrum  very  good  ;  comparison  spectrum  very  good. 


4427-420 

—  13.82 

-13-75 

4499.900 

-16.49 

28.711 

15-23 

94-738 

15-41 

-16.28 

42.510 

12.02 

13.64 

97.046 

II  .14 

11.80 

43-976 

13-77 

4501.422 

15-59 

47.892 

12.81 

13-14 

12.906 

16.15 

16.01 

57-656 

12.65 

11.70 

15-475 

14.67 

60.460 

14.05 

16.13 

17.702 

15.46 

68.663 

10.06 

12.41 

26.644 

13-38 

76.214 

14.40 

16.48 

28.798 

II  .98 

12.12 

82.376 

13-65 

12.38 

(15) 

(16) 

No.  of  compar.  lines 

12 

II 

Means 

-13-51 

—  14.12 

c 

±1.80 

±1-74 

Mean 

-  13 

.82 

fo 

±0.46 

±0.44 

K„ 

— 0. 14 

c 

4427.266 

4427.266 

y^ 

+0.27 

Ti  standards  used  \ 

4481.438 

4481.438 

Reduction  to  Sun 

+  c 

-13 

( 

4527-490 

4527.490 

Radial  velocity 

—  13 

■7 
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1902,  November  27,  iS''  35"".  Hour  angle  W  3''  4". 

Star  spectrum  very  good ;  comparison  spectrum  very  good. 


Velocity 

Velocity 

Line,  Wave-Length 
in  Sim 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

+0.07 

+  1.08 

4482.376 

+2.27 

+2.21 

28.711 

—  0.20 

94-738 

-2-13 

-0.87 

41.881 

-0.47 

97.046 

+0-73 

+  1 .00 

42.510 

+  1.69 

+2-23 

4501.422 

—0.80 

+0.60 

43  976 

-0-74 

12.906 

+2-53 

+  1.26 

47-892 

-0.13 

0.00 

28.79S 

+2.05 

+0.86 

56.030 

+  ■•35 

+0-54 

54.211 

+0.07 

57-656 

+0.81 

+2-35 

60.460 

-0.87 

68.663 

+1.6S 

+2-42 

76.214 

+0.94 

+0.40 

(14) 

(17) 

No.  of  compar.  lines 

13 

II 

Means 

+0.S0       +0.69 

e 

±  1 .29 

±1.14 

Mear 

+  0.74 

fo 

±0.34 

±0.28 

Va 

-14.58 

l' 

4427.266 

4427.266 

f-V       - 

-  0.23 

Ti  standards  used  ] 

4481.438 
4555.662 

4481.438 

Reduction  to  Sun 

—  14. Si 

Radial  velocity 

-14. 1 

a  PERSE/—  B  382. 
1902,  August  7,  20''  53"".  Hour  angle  E  3'' 

Star  spectrum  fair  but  unsymmetrical ;  comparison  spectrum  fair. 


4443-976 

-24.36 

4515.508 

—  25.16 

-25.76 

47.892 

27.71 

20.397 

26.54 

59-301 

—  26.02 

22.802 

26. 19 

24.40 

66.727 

25.04 

26.52 

28.798 

27.41 

28.01 

68 . 663 

25.50 

24.56 

54.211 

26.53 

25.61 

76.214 

27-47 

28.07 

58.827 

23-74 

89-351 

28.99 

63-939 

23-65 

91-570    . 

■24.97 

72.156 

25.18 

94.738 

31.02 

28.49 

4501.445 

26.24 

27.18 

08.455 

27-93 

28.20 

(14) 

(15) 

No.  of  compar.  lines 

12 

15 

Means                —26.79 

—  26. 10 

€ 

±1.68 

±1-74 

Mean              —2t 

-44 

fc 

±0.44 

±0-45 

Va            +24.48 

( 

4455-485 

4443-976 

Va        +0.17 

Tt  standards  used  -j 

4512.906 

4SOI.445 

Reduction  to  Sun                 -\-2i 

-65 

( 

4555.662 

4563-939 

Radial  velocity                    — 

-8 
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aPERSEl—Bi\2,i. 

1902,  October  29,  14''  21".  Hour  angle  E  4''  20" 

Star  spectrum  good ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  WaveLength 

Line,  Wave-Len£th 
in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4443-976 

—  11.27 

4508.455 

-12.17 

—  1 1 . 24 

44.728 

12.68 

15.508 

11.69 

10.82 

47.892 

10.85 

20.397 

12.88 

13. So 

.S9-301 

-14-32 

22.802 

11.74 

66.727 

14-23 

iS-30 

2S.79S 

13.18 

13-91 

68.663 

11.94 

11. 07 

34-139 

10.71 

76.214 

10.45 

12.06 

39-759 

13-74 

94-738 

12.61 

13.61  • 

54.211 

11-39 

13-10 

4501.44s 

12.59 

13-19 

(12) 

(15) 

No.  of  compar.  lines 

12 

12 

Means 

—  12.43      -12.49 

e 

±1.13 

±1.44 

Mean 

—  12.46 

e^ 

±0.32 

-^0.37 

Va        H-I0.60 

\ 

4457.600 
45:2.906 

4449-3>3 
4501.445 

Reduction  to  Sun 

-0.20 

.So 

Ti  standards  used  -, 

-+-IQ 

( 

4555.662 

4555.662 

Radial  velocity 

-    1-7 

1902,  November  19,  13'' 27"', 
Star  spectrum 


.  PERSEI—  B  458. 

Hour  angle  E  3''  51" 
;  comparison  spectrum  slightly  strong. 


4427.420 

-2.51 

4515.508 

-4.25 

—  2.92 

43  976 

2.36 

20.397 

6.63 

6.24 

44-728 

6.61 

22.802 

3-45 

47.892 

7-15 

28. 798 

7.02 

6.69 

59.301 

—2.02 

34-139 

3-37 

66.727 

4-23 

41.690 

2. SI 

68.663 

4-50 

4-23 

54.211 

6.52 

2.70 

76.214 

7-17 

58.827 

4.41 

5-99 

89-351 

3-81 

63-939 

4-73 

3.68 

91.570 

2.80 

72.156 

4.98 

94-738 

4.20 

4501-445 

5.46 

3-40 

08.455 

4-99 

6.98 

(15) 

(17) 

No.  of  compar.  lines 

II 

13 

Means                 —4-85 

-4.46 

« 

±1.47 

±1-75 

Mean              —4 

.66 

Co 

±0.37 

±0.42 

Va         +1.48 

( 

4457.600 

4427.266 

Irf         +0.19 

Ti  standards  used  < 

4512.906 

4481.438 

Reduction  to  Sun                 +1. 

67 

^ 

4563-939 

4555.662 

Radial  velocity                     —3. 

0 

STAiXDARD   VELOCIT\    STARS  2'^) 

1902,  November  6,  ig*"  SS"".  Hour  angle  E  0''  20'" 

Star  spectrum  good ;  comparison  spectrum  good. 


Velocity                | 

Velocity 

Line,  Wave-Length 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

-24.04 

-26.75 

4501.422 

-24.58 

-22.98 

42.510 

23-56 

08.455 

25.41 

25-21 

43976 

23-55 

15-475 

25.30 

26.83 

47.892 

22.92 

22.65 

25.285  B 

26.50 

56 . 030 

26.18 

26.644 

26.23 

57.656 

25.70 

24-55 

28.798 

22.84 

23-64 

68.663 

23.89 

23.82 

46.129 

23-74 

76.214 

24.19 

2^.45 

54.211 

24.56 

82.376 

23.48 

23-75 

94-738 

26.49 

97.046 

21.40 

22.87 

(14) 

(16) 

No.  of  compar.  lines 

II 

II 

Means                —24.18 

-24-53 

c 

±1.32 

±1-50 

Mean               —24 

■36 

fo 

±0-35 

±0-37 

t«        +11-95 

( 

4427.266 

4427.266 

Ki        +0.03 

7>  standards  used  -j 

4481 .438 
4555.662 

4481.438 

Reduction  to  Sun                -|-i 

-98 

Radial  velocity                     —12 

-4 

fi  GEMINORUM—B  i,T,. 
1902,  December  31,  20"^  13'".  Hour  angle  W  i'' 

Star  spectrum  good;  comparison  spectrum  weak. 


4427.420 

-3-12 

4522.853 

-1.86 

42.510 

3-44 

—  2.02 

28 

798 

2.45 

-2.32 

43-976 

1-15 

34 

168 

2.18 

1.92 

47-892 

1-75 

47 

196 

2-51 

56-030 

2-49 

48 

938 

5.08 

57.656 

2.09 

1.68 

54 

211 

3-23 

2.30 

60 . 460 

1 .01 

63 

939 

3-28 

3-55 

68.663 

2.89 

2.48 

71 

275 

5-90 

2.36 

76.214 

2-55 

82.376 

3-14 

97.046 

3-87 

4-33 

4501 .422 

5-33 

3.86 

(14) 

(16) 

No.  of  compar.  lines 

12 

10 

Means 

-3-37 

-2.43 

€ 

±1.28 

±0.92 

Mean 

—  2 

90 

£0 

±0.34 

±0.23 

V^ 

f6.30 

.• 

4427.266 
4501.445 

4443-976 
4501.445 

Reduction  to  Sun 

-O.IO 

TV  standards  used  - 

+6 

20 

4563-939 

4563-939 

Radial  velocity 

+3 

3 
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^  GEMINORUM  —  K  mZ. 

1903,  February  5,  ig*"  31".  Hour  angle  W  2*"  56" 

Star  spectrum  good  ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave- Length 

Line,  Wave-Length 

in  Sun 

F. 

A. 

F. 

A. 

4399-903 

+  13-83 

4460.460 

+  IS-60 

4406. Sio 

16 

47 

68 

663 

+  14-29 

16.64 

07.851  B 

17 

14 

76 

214 

14-27 

08.549 

16 

39 

82 

376 

15-45 

16.66 

II .240 

14 

S5 

94 

738 

15.68 

27.420 

+  15-58 

17 

95 

97 

046 

15.6c 

14.94 

42.510 

16.60 

16 

33 

4501 

422 

14-45 

15 -.39 

43-97b 

14 

85 

12 

906 

15.08 

17.61 

47.892 

16-45 

14 

83  ' 

22 

853 

17.30 

56.030 

17 

S3 

28 

798 

17.28 

16.03 

59-304 

15.80 

(12) 

U8) 

No.  of  compar.  lines 

10 

13 

Means 

+  15.68       +16.04 

( 

±1.07 

±1.18 

Mean 

+  15. 86 

Co 

±0.31 

±0.28 

V^ 

-12.16 

( 

4427.266 
44SI.43S 
4527.490 

4399-935 
4457-600 

Reduction  to  Sun 

-    0.21 

-37 

Ti  standards  used  -I 

—  12 

4512 

Radial  v 

elocity 

+  3-5 

^  GEMINOKUM—\  426. 

1903,  .\prii  8.  15  ''  14  "'.  Hour  angle  W  2  '■  46 ' 

Star  spectrum  very  good  ;  comparison  spectrum  very  good. 


4427.420 

+  31.77 

+  32.23 

4468.663 

+  31-74 

+  32.74 

28.711 

33-53 

76.214 

33.90 

32.09 

35-184 

33-47 

82.376 

35-19 

34..39 

41.881 

31.80 

97.046 

33.41 

34-07 

42.510 

32.94 

33  95 

4501.422 

31. 1 1 

31.84 

43-976 

33.40 

33-47 

22.853 

34-74 

47-892 

32.09 

33-23 

28.798 

32-24 

34-04 

56.030 

32.64 

31.96 

47.196 

32.97 

57.656 

35.32 

54.211 

34-24 
(15) 

(14) 

No.  of  compar.  lines 


Ti  standards  used 


15 
±  1. 16 
±  0.30 
4427.266 
4481.438 
4552.632 


±  1. 10 
±  0.30 
4427.266 
4481.438 
4527.490 


.Means  +33-06      +33-19 

Mean      +33.12 
V„   —  29.42 
Vd  —    0.20 
Reduction  to  Sun 


Radial  velocity 


—  29.62 

+  1T' 


S  TA  Xn.4  RD   VELOCI TY  S  TA  RS 
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1903,  February  4,  19  ''  55  ■".  Hour  angle  W  0  ''  9  '". 

Star  spectrum  too  weak  ;  comparison  spectrum  strong. 


Velocity                ' 

Velocity 

Line,  Wave-Leneth 

m  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4457.656 

+  30.49 

4565-750 

+  3 '-59 

68.663 

32.49 

71.275 

31.10 

76.214 

31-30 

S1.634 

30. 1 8 

97.046 

29.15 

S4.018 

29-83 

4500.451 

29.99 

90.126 

+  29-33 

30.58 

01.422 

32-52 

91.614  B 

29.52 

15-475 

31.62 

4611.455 

27.50 

30.04 

2S.798 

+  31-45 

33-85 

25.227 

33-78 

46.129 

26.64 

26.358 

27.67 

54.211 

29.96 

54-743  B 

31-44 

60.225 

31-70 

73-370  B 

27.08 

63-939 

29.56 

(II) 

(16) 

No.  of  compar.  lines 

10 

II 

Means 

+  29-44      +31-00 

c 

±2.18 

±  1.26 

Mean       +  30.22 

fo 

±  0.66 

±  0.32 

V„   +16.66 

1; 

4527.490 
4617.452 
4682.088 

4457-600 
4527-490 
4617.452 

Vd  - 

-      O.OI 

6.65 

Ti  standards  used  ■ 

Reduction  to  Sun 

+ 

Radial  velocity 

+  46.9 

a  CKA  TERIS—  A  438. 

1903,  April  16,  17  ''  24  "'.  Hour  angle  W  2  *'  12  ' 

Star  spectrum  weak  ;  comparison  spectrum  strong. 


4427.420 

+  61.84 

4497.046 

+  60.48 

+  60.21 

41.881 

+  61.23 

4501.422 

60.62 

42.510 

62.91 

15-475 

59-23 

61.69 

47.892 

62.08 

22.853 

66.83 

57-656 

60.61 

61.42 

28.798 

63-36 

62.78 

60.460 

63.40 

47.196 

62.44 

68.663 

63.01 

4S.938 

62.89 

76.214 

63-58 

54-211 

65.71 

61.44 

82.376 

61.75 

63-939 

60.58 

85.846 

6 1 -S3 

65-750 

62.12 

94-738 

57,50 

(10) 

(16) 

No.  of  compar.  lines 

9 

13 

Means 

+  61.98 

+  61.99 

c 

±2.82 

±  1.04 

N 

ean       + 

51.98 

to 

±  o.8g 

±  0.26 

v<,  - 

-  14-52 

( 

4427.266 

4449-313 

V.i   - 

-    0.18 

Ti  standards  used  -! 

4496.318 
4555.662 

4496.318 
4555.662 

Reduction  to  Sun 

- 

14.70 

( 

Radial  velocity 

+ 

47-3 

26o  EDWIN  B.  FROST  AND   IVALTER  S.  ADAMS 

a  CRA  TERIS  —  A  444. 

1903,  April  22,  16  ''  56  '".  Hour  angle  W  2  ''  6  ' 

Star  spectrum  weak;  comparison  spectrum  strong. 


Velocity 

Velocity 

in  Sun 

F. 

A. 

'  in  Sun 

F. 

A. 

4427.-420 

+  69.22 

4512.906 

+  63.53 

+  65.32 

35.184 

65-65 

28.798 

65.68 

62.18 

45.641 

+  64-14 

44.845  B 

62.09 

47.892 

69.16 

65.86 

47.196 

61.72 

60.460 

64.07 

63-939 

64.91 

68.663 

67.77 

65.42 

71-275 

62.91 

76.214 

6";. 26 

63-32 

81.634 

64.08 

82.376 

64.29 

64.96 

,              86.191  B 

67.S6 

go.goo 

63-36 

4606.404 

64.48 

97.046 

66.01 

11-455 

64-37 

4501.422 

63-94 

62.81 

(12) 

(16) 

No.  of  compar.  lines 

12 

14 

Means 

+  65.84       +  64.02 

e 

±  2.32 

±   I.15 

Mean      -|-  64.93 

Eo 

±  0.67 

±  0.30 

Va     - 

-  16.73 

( 

4427.266 

4427.266 

V,,   - 

-     0.17          . 

Ti  standards  used  \ 

4512.906 

4512.906 

Reduction  to  Sun 

—  16.90 

4590.126 

4617.452 

Radial  velocity 

+  48.0 

a  BOOr/S—A  373 

1902,  September  6,  13''  43'".  Hour  angle  W  4''  38" 

Star  spectrum  excellent ;  comparison  spectrum  excellent. 


4427.420 

+  10.63 

+  10.84 

4482.376 

+11-84 

+  10.90 

28.711 

II  .92 

94-738 

10.67 

II. 81 

34.021 

13-59 

97-046 

11.47 

10.40 

35-85> 

II. 15 

4501.422 

10.39 

42.510 

12.28 

11-95 

12.906 

12.03 

10.76 

43-976 

10.32 

11.88 

15-475 

11.69 

47.892 

12.20 

11.93 

28.798 

11.06 

11.26 

56. 0^0 

II. 17 

11.24 

48.938 

13-45 

57-656 

II . 30 

•     54-211 

12.77 

66.701 

II. 61 

68.663 

13.62 

75.026 

10.40 

76.214 

12.06 

11-59 

(16) 

(17) 

No.  of  compar.  lines 

17 

II 

Means 

+  11.90 

+  11.28 

e 

±1.05 

±0-57 

Meai 

+  11 

-59 

fo 

±0.26 

±0.14 

Va         - 

15-79 

( 

4427.266 
4496.318 
4552-632 

4427.266 
4465.975 
4527-490 

Vd     - 
Reduction  to  Sun 
Radial  velocity 

•  0.30 

Ti  standards  used  -1 

-16 

.09 

( 

-   4 

-5 

STAXDAKD   VELOCITY  STARS 


a  BOOT/S—B  492 


1903,  Februan-  4,  21''  39'". 


Hour  angle  E  i''  35" 


Star  spectrum  good  ;  comparison  spectrum  weak. 


Velocity                 1 

Velocity 

Line,  Wave- Length 

Line,  Wave-Length    " 
In  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

—  31.02 

—  29.60 

4501.422 

-27-31 

—  26.64 

41.881 

30.58 

12.906 

25-98 

26.31 

42.510 

27.61 

27.47 

26.644 

29.41 

43-976 

28.95 

28. 798 

29-93 

30.26 

47.892 

27.10 

46.129 

30-60 

30.08 

56.030 

29.06 

27.72 

48. 024 

29.66 

57-656 

29-33 

28.72 

54.211 

29.89 

68.663 

26.84 

26.64 

63-9.19 

29.63 

76.214 

28.01 

28.61 

65750 

28. 76 

82.376 

27.30 

(13) 

(16) 

No.  of  compar.  lines 

13 

12 

Means 

-28.64 

-28. 54 

e 

±1.59 

±1.38 

Mean           —2!; 

■59 

fo 

±0.44 

±0.34 

K,     +24.03 

( 

4427.266 
4501.445 

4427.266 
4501.445 

Reduction  to  Sun 

-  0.13 

TV  standards  used  -j 

+24.16 

( 

4563.939 

4563-939 

Radial  velocity 

—  4-4 

a  BOOT/S—B  497. 

1903,  March  24,  22''  48"'.  Hour  angle  \V  2''  49" 

Star  spectrum  very  good ;  comparison  spectrum  very  good. 


4427.420 

-13-82 

-13-81 

4512.906 

-12.82 

-14.09 

28.711 

13.00 

18.198 

14-93 

41.881 

14-78 

28.798 

13.18 

13-97 

42.510 

13-16 

12 

29 

34.953 

14 

74 

47-892 

14.56 

13 

55 

46.129 

16 

49 

56.030 

'5-75 

14 

S3 

48.024 

13 

19 

57.656 

14.80 

12 

44 

48.938 

II 

40 

68.663 

13.02 

12 

41 

54.211 

14 

09 

76.214. 

14.40 

13 

53 

71-275 

15 

54 

82.376 

13-38 

13 

05 

94-7.38 

15-14 

14 

68 

97.046 

13-54 

12 

27 

4501.422 

16.79 

14.45 

(20) 

{15) 

No.  of  compar.  lines 

17 

12 

Means 

-14.14 

-13-65 

e 

±1-35 

±0.96 

Meat 

1        -i; 

.90 

fo 

±0.30 

±0.25 

Va 

+8.85 

( 

4427.266 
4481.438 

4427.266 
4481.438 

Va 
Reduction  to  Sun 

—0.2 

'+  s 

Ti  standards  used  -j 

■  63 

( 

4555-662 

4527.490 

Radial  velocity 

-3 

262 


EDWIX  B.  FROST  AND   WALTER  S.  ADAMS 


a  Boons— \  433. 

1903,  April  S,  21''  46'".  Hour  angle  W  2''  42" 

Star  spectrum  excellent ;  comparison  spectrum  excellent. 


Velocity 

Velocity 

Line,  Wave -Length 

Line,  Wave-Length 
in  Sun 

in  Sun 

[ 

F. 

A. 

F.                   A. 

4427.420 

-7.25 

-7-45 

4501.422 

-7-73 

-7.46 

28. 711 

9 

14 

12.063 

8.51 

41.881 

8 

24 

12.906 

3-79 

42.510 

7.42 

7 

36 

22.853 

4-38 

43-976 

6 

61 

6 

88 

28.798 

4-37 

6. 89 

47.892 

8 

43 

7 

21 

46.129 

8. II 

56.030 

8 

01 

7 

27 

48.024 

5-34 

57.656 

7 

13 

7 

27 

48 . 938 

8. II 

68 . 663 

S 

03 

5 

90 

54.211 

6.06 

76.214 

6 

83 

7 

84 

82.376 

7 

09 

7 

16 

94-738 

9 

01 

7 

74 

97.046 

7 

93 

6 

47 

(19) 

(16) 

No.  of  compar.  lines 

15 

12 

Means 

-6.77        -7.42 

e 

±1-53 

±0.96 

Mean              —7.10 

fo 

±0-35 

±0.25 

Vn 

+2.43 

( 

4427.266 
4496. 3  iS 

4427.266 
4481-4,38 

Reduction  to  Sun 

—  0.21 

.22 

Ti  standards  used  j 

+2 

4555.662 

4527.490 

Radial  velocity 

-4-9 

a  Boorrs—v,'  499. 

1903.  May  6,  14''  44"".  Hour  angle  E  2''  25"". 

Star  spectrum  excellent;  comparison  spectrum  slightly  weak. 


4427.420 

+3-12 

+2.51 

4501.422 

+2.46 

+4.66 

41.881 

2.77 

12.906 

5-98 

42.510 

5-94 

4-72 

26.644 

523 

3-91 

43-976 

6-55 

5.40 

28.798 

6.16 

4.70 

47-892 

3-71 

3-37 

34-953 

2.84 

56.030 

4. 10 

3-70 

46 . 1 29 

3-89 

57-656 

3-90 

4. 10 

48.024 

4-48 

60.460 

4.91 

48.938 

3-43 

68.663 

6.04 

4.70 

54.211 

1. 71 

76.214 

3-48 

2.08 

63-939 

4-73 

82.376 

5.02 

4.42 

71.275 

3-15 

94-738 

2.94 

(20) 

(15) 

No.  of  compar.  lines 

18 

10 

Means 

+4-30      +3-93 

e 

±1-37 

±1.00 

Meai 

1               +4-12 

fo 

±0.31 

±0.26 

V„ 

-9.36 

1' 

4427.266 

4427.266 

Vd 

+-0.19 

Ti  standards  used  ■ 

4501-445 

4481.438 

Reduction  to  Sun 

-9-17 

( 

4572.156 

4527.490 

Radial  velocity 

-5 

.1 

STANDARD   VELOCITY  STARS 


.263 


(3  OPHIUCHI—V,  378. 

1902,  August  7,  15''  6'".  Hour  angle  W  0''  37" 

Star  spectrum  good  ;  comparison  spectrum  good. 


Velocity 

Velocily 

Line,  Wave-Lenglh 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

+  8-53 

+   8.53 

4501.422 

+   8.33 

42.510 

10.80 

10.  12 

12.906 

+  8.31 

9.83 

43  976 

10.19 

17.702 

11.55 

47.892 

10.85 

9.24 

26.644 

g.2i 

56.030 

11.17 

27.518 

10.53 

57.656 

9.82 

9-55 

28.798 

6.95 

10. 13 

59.922 

10.35 

46.129 

10.42 

68.663 

10.67 

7.52 

48.024 

9.76 

76.214 

8.04 

11.12 

48-938 

9.29 

82.376 

9-43 

8.36 

54.211 

8.49 

94.738 

8.01 

97.046 

8.94 

10.34 

(16) 

(16) 

No.  of  compar.  lines 

II 

1 1 

Means 

+  9.38     +  9.65 

^ 

±1.13 

±1.21 

Mean            +9.52 

±0.28 

±0.30 

V.     - 

-20.20 

\ 

4427.266 
4481.438 

4427.266 
4481.438 

V,i      - 
Reduction  to  Sun 

-  0.05 

-2; 

Ti  standards  used  -j 

—  2C 

( 

4555-662 

4527.490 

Radial  velocity 

-10.7 

P0PHIUCHI~K  451. 

1903,  .^pril  30,  \t)^  55"".  Hour  angle  E  i""  8" 

Star  spectrum  good ;  comparison  spectrum  good. 


4427.420 

—29.26 

—  30.21 

4468.663 

-29.46 

-28.85 

35-184 

28. 34 

76.214 

30.22 

29.48 

41.881 

31-53 

82.376 

28.50 

29.03 

42.510 

32-87 

28.35 

94- 738 

35.89 

30.36 

43-976 

30. 10 

96.222  B 

21-n 

47.892 

31-14 

28.58 

97.046 

27.67 

29.61 

56.030 

29.94 

31.36 

4501 .422 

30.77 

30.44 

57.656 

31-35 

30.14 

28.798 

30.46 

31-05 

60.460 

30-39 

28.37 

(15) 

(15) 

No.  of  compar.  lines 

12 

11 

Means 

-30.27 

-29.83 

e 

±2.11 

±1.05 

Mean 

-.3C 

•05 

fo 

±0.54 

±0.27 

V„      - 

-18.46 

( 

4427.266 

4427.266 

V,     - 

-  0. 10 

Ti  standards  used  -j 

4481.438 

4481.438 

Reduction  to  Sun 

+  iS 

.56 

( 

4527.490 

4527.490 

Radial  velocity 

—  I 

.5 
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^OPHIUCHI—Y,'  50S. 

1903.  June  26,  Ij**  32°'.  Hour  angle  E  i"*  42° 

Star  spectrum  good  ;  comparison  spectrum  fair. 


Velocity 

Velocity 

Line,  Wave-Lengih 

'    in  Sun 

F. 

A. 

F. 

A. 

4427.420 

-9.2S 

-7-45 

4501.422 

-6.06 

43-976 

6.55 

12.063 

7-44 

47.892 

5-93 

6.00 

12.906 

—  6.64 

7-31 

56.030 

8.41 

6.46 

17.702 

4-45 

57.656 

6.53 

7.27 

27.518 

5-03 

59.922 

6.45 

28.798 

6.62 

6.22 

68.663 

3-62 

4.29 

46.129 

7.12 

76.214 

7-91 

6.90 

48.024 

4-55 

82. 376 

6.15 

6.36 

48.938 

7.67 

94-738 

7.60 

5-87 

54.221 

7.18 

97.046 

9.27 

(16) 

(15) 

No.  of  compar.  lines 

14 

12 

Means 

-6.84 

-6.34 

e 

±1.58 

±0.96 

Mean 

59 

e 

±0.39 

±0.25 

Va 

-4.58      _ 

( 

4427.266 

4427.266 

Vd        +0.15 

Ti  standards  used  -J 

4481.438 
4555.662 

4481.438 
4527.490 

Reduction  to  Sun 
Radial  velocity 

—  4 

43 

—  I  I 

.0 

fAQUJLAE 
1902,  August  27,  17''  2". 

Star  spectrum  weak 


B398. 

Hour  angle  W  l''  50"° 
comparison  spectrum  too  strong. 


4456.030 

+12.38 

4528.798 

+13-97 

57-656 

14-53 

46. 129 

14-57 

+  14-51 

68. 663 

15.10 

+14-43 

48.024 

15.62 

76.214 

12.19 

II .  19 

48.938 

.    1 0 . 09 

82.376 

10.04 

54.211 

12.25 

85.846 

10-83 

60.225 

13-55 

97.046 

13-34 

14.27 

65.750 

14-25 

4500.451 

14-39 

74-899 

13-44 

01 .422 

12.32 

4603. 126 

•12.31 

12.906 

13.22 

II  .50 

11.455 

13-07 

15-475 

13.28 

27-518 

14-57 

14.50 

(13) 

(15) 

No.  of  compar.  lines 

13 

15 

Means 

+  13.64      +12.82 

±1.17 

±1.70 

Mean 

+  13-23 

e„ 

±0.32 

±0.44 

Va      - 

-14-49 

( 

4455-485 

4481.438 

Vd     - 

-  0. 16 

Ti  standards  used  \ 

4497  •023' 

4548.938 

Reduction  to  Sun 

-14.65 

( 

4555.662 

4617.452 

Radial  velocity 

-   1.4 

STANDARD   VELOCITY  STARS  2b\ 

yAQU/LAE—'B  417. 

1902,  October  9,  14*"  12'".  Hour  angle  W  i''  52" 

Star  spectrum  slightly  weak  ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave  Length 

Line,  Wave-Length 

in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

+  22.28 

4501.422 

+20.05 

28.711 

+21-53 

l2.go6 

+22.39 

22.46 

34.021 

24.01 

28.79S 

23.64 

22.98 

41.881 

21 .67 

46. 129 

23.61 

42.510 

23.08 

21 .60 

47.196 

23-14 

-     47.S92 

23.  12 

22. 9Q 

4^0^S 

21.75 

56.030 

22.61 

21.33 

;ii,202B 

22.18 

68.663 

26.64 

(10.225 

21  .77 

76.214 

22.24 

22.91 

63-939 

21.42 

82.376 

23-15 

23-15 

65.750 

21.28 

97.046 

23.80 

23.60 

(12) 

(17) 

No.  of  compar.  lines 

13 

14 

Means 

+23-34      +22.13 

c 

±1.19 

±0.96 

Mean 

+22.74 

e. 

±0.34 

±0.23 

Va       - 

-24.85 

\ 

4427.266 

4427.266 

V^      - 

-   0. 16 

Ti  standards  used  j 

4481.438 
4544-864 

4481.438 
4555.662 

Reduction  to  Sun 

—  25.01 

( 

Radial  velocity 

-   2.3 

t  AQU/LAE—'B'  509. 

1903,  June  26,  17''  25'".  Hour  angle  E  l''  50°". 

Star  spectrum  good  ;   comparison  spectrum  good. 


4427.420 

-11-85 

4512.906 

-13-56 

12.76 

29.366 

12.58 

17.702 

12.34 

42.510 

9-99 

26.644 

■3-58 

43-976 

12.02 

28.798 

11.32 

12.05 

47.892 

12.40 

46.129 

12.99 

12.33 

56.030 

14.06 

48.024 

13-71 

12.99 

57.656 

11.50 

48.938 

12.20 

12.85 

68.663 

8.. 33 

—  11 .00 

54.211 

12.90 

76.214 

13.80 

12.66 

63 -939 

12.02 

10.51 

82.376 

14.58 

13-31 

71-275 

15.68 

14-76 

97-046 

11.80 

11.94 

77-356 

14-54 

4501.422 

12.92 

13-79 

12.063 

-15.02 

(20) 

(16) 

No.  of  compar.  lines 

20 

13 

Means 

-12.51 

—  12.90 

£ 

±1-57 

±1.28 

Mean 

—  12 

-70 

«o 

±0-34 

±0.32 

v«    - 

-10.70 

( 

4427.266 

4465-975 

V^     - 

-  0.15 

TV  standards  used  -j 

4496.318 

4527-490 

Reduction  to  Sun 

+  1 

3.85 

( 

4590. 126 

4590.126 

Radial  velocity 

.8 

266  EDWIN  B.  FROST  AND   WALTER  S.  ADAMS 

e  PEGASI—  A  364. 
1902,  July  31,  19''  15".  Hour  angle  \V  0''  14" 

Star  spectrum  good  ;  comparison  spectrum  good. 


Velocity                ; 

Velocity 

Line.Wave-Lenglh 

Line,  ^yave-Length 

in  Sun 

1 

F. 

A. 

F. 

A. 

4427.420 

-3-52 

4497.046 

-4-53 

-5.20 

34.021 

4-67 

4500.451 

2.27 

42.510 

2-57 

01.422 

2.93 

4.26 

45.641 

-4-38 

05.003 

3-86 

47.892 

2.97 

12.906 

3-26 

3.06 

49-313 

4.78 

27.518 

5-30 

56.030 

5-99 

28.798 

3-64 

3-II 

57.656 

4.91 

1               46.129 

5.28 

5-'4 

59.922 

4.24 

48.938 

6.00 

5-47 

68.663 

1. 14 

2-35 

65.750 

5-45 

76.214 

4.02 

5.76 

74.899 

2-43 

82.376 

2.81 

90. 126 

3-85 

88.363 B 

4.21 

(16) 

07) 

No.  of  compar.  lines 

17 

14 

Means 

—  3-99        —4-09 

e 

±1.28 

±1.22 

Mean 

-4.04 

fo 

±0.32 

±0.30 

Va      +10.17 

( 

4427.266 

4449-313 

Vd      - 

-   0.02 

Ti  standards  used  \ 

4481.438 

4512.906 

Reduction  to  Sun 

+  10.15 

4544.864 

4590. 126 

Radial  velocity 

+  6.' 

e  PEGASI— V,  379. 

1902,  August  7,  16''  37"'.  Hour  angle  E  l''  55" 

Star  spectrum  good ;  comparison  spectrum  good. 


4427.420 

+0-47 

4512.906 

—  2.26 

—  2.46 

42.510 

+0-67 

+0.74 

15-475 

-3-85 

—  2.46 

47.892 

-0.34 

-1.08 

28.978 

-1.26 

56.0^0 

-1. 61 

34-168 

-1-39 

57-656 

-1.88 

46. 129 

-2.37 

-1.58 

68.663 

0.00 

-0.13 

48.024 

-0.33 

76.214 

-1.68 

-1. 41 

48.938 

-2.24 

-0.73 

82.376 

—  3.01 

+0.27 

63-939 

—0.20 

-0.8s 

97.046 

-0-53 

65-750 

-2.43 

97-842 

—  0.20 

71.27s 

—  0.98 

-2.76 

4501.422 

-1-73 

-0.47 

(18) 

(15) 

No.  of  compar.  lines 

17 

13 

Means                —1-27 

-1. 15 

6 

±1.24 

±1.06 

Mean             —  i. 

21 

fo 

±0.29 

±0.27 

Va      +7.17 

( 

4427.266 

4443-976 

Frf      +0.16 

Tt  standards  used  -j 

4481.438 

4512.906 

Reduction  to  Sun                 +7 . 

33 

( 

4544.864 

4572.156 

Radial  velocity                    +6. 

I 
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1902,  October  9,   16''  14'".  Hour  angle  \V  l''  54" 

Star  spectrum  a  trifle  faint;  comparison  spectrum  fair. 


Velo 

city 

Velocity 

Line,  Wave-Length 

Line,  Wave-Length 
in  Sun 

in  bun 

F. 

A. 

F. 

A. 

4442.510 

+27.88 

4527-518 

+27.82 

+  26.82 

57.656 

+26.64 

28.798 

26.29 

59.922 

26.09 

34.168 

27-44 

60.460 

26.62 

44-077  B 

24.81 

68. 663 

28.72 

28. 5S 

46.129 

25.65 

27.64 

76.214 

27.87 

28.74 

47.196 

25-51 

go. 900 

25-36 

48.024 

27-23 

95.664  B 

25-15 

4O.93S 

26.96 

27.29 

4501.422 

24.98 

65.750 

26.  14 

12.906 

24.8s 

25-52 

(11) 

(14) 

No.  of  compar.  lines 

12 

■5 

Means 

+26.69       +26.64 

e 

±1.16 

±1-34 

Mean 

+26.66 

«o 

±0.34 

±0.36 

K«      - 

-19.98 

( 

4457-600 

4449-313 

Krf 

-0.  16 

Tt  standards  used  -j 

4512.906 

4512.906 

Reduction  to  Sun 

—  20.  14 

( 

4552-632 

4555.662 

Radial  velocity 

+    6.5 

7  PlSCIUM—h  381. 

1902,  August  7,  ig*"  23". 

Hour  angle  E  o""  40™. 

Star  spectrum  weak  ;  co 

mparison  spectrum  fair. 

4427.420 

-28.85 

4497-046 

-28.07 

-29.54 

42.510 

25.25 

4501 .422 

26.64 

27.04 

43-976 

—  29.22 

0S.455 

28.40 

47.892 

26.90 

27 .  30 

12.906 

26.58 

56.030 

26.98 

27-59 

15-475 

29-55 

57-656 

30.94 

29.67 

26.644 

27.69 

68.663 

27.24 

29.26 

28.798 

28.34 

27.75 

76.214 

25.80 

29.95 

46. 129 

26.91 

82.376 

27.23 

27-43 

48.024 

27.88 

28.02 

94-738 

27.62 

29.02 

54.211 

(16) 

29.30 
('5) 

No.  of  compar.  lines 

13 

II 

Means                 —27.55     —28.48 

e 

±1.41 

±0.99 

Mean                  —28.02 

«o 

±0.35 

±0.26 

Va    +16.59 

( 

4427.266 

4449-313 

Vd  +  0.06 

TV  standards  used  -j 

4481-438 

4501.445 

Reduction  to  Sun                    +16.65 

( 

4544.864 

4552.632 

Radial  velocity                       —11. 4 

268  EDWIX  B.  FROST  AND   WALTER  S.  ADAMS 

y  PISCIUM—V,  415. 

1902,  October  8,  14''  38™.  Hour  angle  E  l''  21" 

Star  spectrum  weak  ;  comparison  spectrum  good. 


Velocity                 j 

Velocity 

Line,  Wave-Length 

Line,  Wave-Lenglh 

in  Sun 

inSnn 

1 

F. 

A. 

F.          1           A. 

4441 .881 

+0.14 

4526.644 

+2-52 

+  2-98 

42.510 

+3-44 

28.798 

+6.42 

+4-17 

47.892 

+0.88 

46.129 

+  I.9I 

+4-35 

56.030 

—  I. 21 

48.938 

+1-38 

57.656 

4-2.15 

54.211 

+  1-32 

59-304 

+  1.82 

58.827 

+0.07 

68. 663 

+4.16 

+2-15 

65.750 

*      — I  .  12 

76.214 

+2-34 

+2.21    4 

71.275 

-0.98 

82.376 

+2.14 

+2-94 

72. 156 

—  2.56    1     — 2.l6 

94-738 

+  1-33 

1 

97.046 

+4.00 

+3.87 

81.634 

+3-73 

4501.422 

+3.20 

+4.06 

90. 126 

-I-3I 

4512.906 

+  3-12 

(16) 

(17) 

No.  of  compar.  lines 

12 

13 

Means 

+2.20           +I.8I 

e 

±1-94 

±2.19 

Mean 

+  2.00 

fo 

±0.48 

±0.53 

Va        - 

-12. 85 

\ 

4457.600 

4449-313 

Vd      +0.12 

Ti  standard  used    -j 

4527.490 

4527.490 

Reduction  to  Sun 

-12.73 

4590.126 

4590. 126 

Radial  velocity     ■ 

-10.7 

7  PISCIUM—  B  436. 

1902,  October  30,  \t^  39".  Hour  angle  W  o"  5" 

Star  spectrum  very  good  ;  comparison  spectrum  a  trifle  strong. 


4427.420 

+10.50 

+11.38 

4468.663 

+  12.48 

33-39° 

12.37 

76.214 

+11. 12 

10.79 

34.021 

II  .36 

82.376 

12. iS 

II .  II 

35-851 

10.00 

8.86 

94-738 

9-54 

9-54 

42.510 

13-03 

12.49 

97.046 

II. 14 

10.94 

43-976 

11.27 

4501 .422 

12.92 

11.79 

47.892 

11.80 

11-93 

08.455 

II .  II 

54-993  U 

9-69 

12.906 

11.23 

56-030 

11.57 

15-475 

11.62 

57.656 

10.56 

10.70 

28.798 

11.59 

12.05 

66.701 

II  .00 

(16) 

(16) 

No.  of  compar.  lines 

12 

12 

Means 

+  11.20      +11.27 

6 

±  1 .01 

±1.00 

Mean 

+11.24 

e„ 

±0.25 

±0.25 

Va      - 

-21.94 

( 

4427.266 

4427.266 

Vd    - 

-    O.OI 

Ti  standard  used    - 

4481.438 

4481.438 

Reduction  to  Sun 

-21.95 

4527-490 

4527.490 

Radial  velocity 

-10.7 
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SUPPLEMENTARY    STARS. 

<.AURIGAE—\ii,\i,. 

1902,  November  6,  15'' 30"".  Hour  angle.  E  4''  12" 

Star  spectrum  good ;  comparison  spectrum  good. 


Velocity 

Velocity- 

Line,  Wave-Leng»h 

Line,  Wave- Length 

in  Sun 

1 

F. 

A.          1 

F. 

A. 

4427.420 

+2.33 

4497.046 

+3-40 

+4.40 

29.366 

+2.23 

4501 .422 

2.86 

3-40 

42.510 

5.80 

5.06 

12.906 

2.86 

3-52 

47.892 

4.04 

1S.I98 

4-45 

56.030 

4-17 

2.09 

26.644 

1 .32 

57.656 

2-35 

28.798 

3-5S 

4  30 

60.460 

4-03 

46.129 

2.70 

68.663 

8.25 

48.024 

4.81 

76.214 

3.08 

2.61 

82.376 

3-55 

3-75 

(14) 

(12) 

No.  of  compar.  lines 

12 

13 

Means                   +3-64        +3-66 

e 

±1.73 

±0.93 

Mean              +3-65 

Cj 

±0.46 

±0.27 

Va        +15-07 

■ 

4427.266 

4427.266 

Frf        +0.26 

TV  standards  used  ■ 

4481.438 

4481.438 

Reduction  to  Sun                +'5-33 

4544.864 

4527.490 

Radial  velocity                     -I-19.0 

(LEONIS—^&i,%^. 

1903,  January  8,  21"  56"".  Hour  angle  \V  l'>36'' 

Star  spectrum  good ;  comparison  spectrum  fair. 


4427.420 

-9.96 

—  11.65 

4494-738 

—  12.07 

-10.94 

35.851 

14.20 

12.03 

97.046 

10.67 

41.881 

8.71 

4501.422 

9.33 

8.33 

42.510 

9 -.38 

08.455 

10.04 

10.31 

43-976 

8.17 

■5.475 

9.83 

47.892 

10.38 

11.32 

28.798 

10.06 

9-54 

57.656 

8.14 

8.01 

46. 129 

10.88 

68.663  . 

9-73 

9.26 

48.938 

II  .60 

76.214 

10.79 

10.45 

54.211 

8.23 

82.376 

9-43 

9-30 

(14) 

(16) 

No.  of  compar.  lines 

12 

II 

Means 

—  10.20 

—  10.00 

e 

±1-53 

±1.32 

Mean 

—  10 

.  10 

Eo 

±0.41 

±0.33 

V„        - 

-15-57 

( 

4427.266 

4427.266 

V.I 

-  0.13 

Tt  standards  used  -j 

4481.438 

4481.438 

Reduction  to  Sun 

+  15 

-44 

( 

4527.490 

4555-662 

Radial  velocity 

+  f 

X 

270  EDWIX  B.  FROST  AND   WALTER  S.  ADAMS 

iLEONIS—\\2T. 

1903,  April  8,  16''  11"°.  Hour  angle  W  i''45'' 

Star  spectrum  good ;   comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave-Length 
in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4399-903 

+29.92 

4476.214 

+28.68 

4427.420 

+28.51 

30.61 

82.376 

+26.22 

27-43 

28.711 

28.24 

97.046 

29.67 

30.67 

41.881 

27-34 

4501.422 

30.64 

31-77 

42.510 

30-17 

08.455 

31-73 

43-976 

29.28 

30.10 

15-475 

30.48 

47-892 

31.08 

31-41 

28.798 

32-38 

30-59 

57-656 

26.10 

27.18 

54.211 

32.06 

60.460 

28.18 

68.663 

29.45 

29.52 

(13) 

(15) 

No.  of  compar.  lines 

13 

II 

Means 

+29.69 

+29-45 

« 

±2.01 

±1.51 

Mean 

+  2C 

-57 

fo 

±0.56 

±0-39 

V,, 

-24.79 

( 

4427.266 

4399-935 

Vi        - 

-   0.  14 

Ti  standards  used  J 

4481.438 

4457.600 

Reduction  to  .Sun 

—24 

■93 

( 

4552.632 

4527-490 

Radial  velocity 

+  A 

.6 

CiCfOAv:?— A443. 

1903,  April  22,  14'' 48"".  Hour  angle  \V  1''  14" 

Star  spectrum  good ;  comparison  spectrum  good. 


4427.420 

+32.85 

+32.04 

4482.376 

+35-99 

+35.59 

42.510 

33-28 

94-738 

32.3s 

43-976 

36.03 

97.046 

37-07 

47.892 

33-23 

35.73 

4501 .422 

33-44 

56.030 

35-19 

35-13 

08.455 

32-66 

34-85 

57-656 

33-50 

33.77 

15-475 

33-07 

59-304 

34-16 

28.798 

34-56 

32-25 

60.460 

32-34 

47-196 

33-77 

68.663 

34-22 

35-23 

54-211 

34  63 

76.214 

34-24 

36-05 

(14) 

(14) 

No.  of  compar.  lines 

14 

II 

Means 

+34-22      +34-15 

e 

±1-23 

±1.53 

Mean 

+34-18 

to 

±0-33 

±0.41 

Va 

-27.67 

{ 

4427.266 
4481.438 

4427.266 
4481.438 

V,       - 

-  0. 10 

-77 

Ti  standards  used  ] 

Reduction  to  Sun 

-27 

( 

4555.662 

4527.490 

Radial  velocity 

+  6.4 
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y  CEPHEI~B  42S. 

1902,  October  16,  l^^  44"".  Hour  angle,  W  i^  50" 

Star  spectrum  weak;  comparison  spectrum  good. 


Velocily 

Velocity 

in  Sun 

F. 

A. 

F. 

A. 

4456.030 

—  40.05 

4526.644 

-46.57 

57.656 

-46.55 

T'    -  ■ 

27.518 

46.23 

60.460 

28.798 

46.68 

-46.95 

68.663 

48.85 

46.129 

43-99 

47.69 

76.214 

49-71 

40.  HI 

48.024 

48. 66 

82.376 

47.70 

48.50 

48-938 

47-59 

97.046 

48.01 

54-211 

50.96 

4S0I .422 

49.76 

65-750 

49-32 

12.906 

51-03 

71-275 

48.61 

17.702 

46.80 

72. 156 

(>l) 

48.20 
(15) 

No.  of  compar.  lines 

9 

±2.20 

II 

±0.93  . 

Means 

Mean 

-47-87 
-48 

-48.56 
22 

fo 

±0.66 

±0.24 

Va        +7-32 

( 

4457-600 

44.S5-485 

Vd 

Ti  standards  used  \ 

4512.906 

4501.445 

Reduction  to  Sun 

+  7 

28 

( 

4552.632 

4572.156 

Radial  velocity 

-40 

9 

7  CEPHEI—  .'\  424. 

1903,  April  3,  15''  41"'  Hour  angle  \V  10''  54" 

Star  spectrum  good;  comparison  spectrum  a  trifle  strong. 


4400.577  B 

-31.89 

4459-304 

-30.53 

08.549 

33-05 

60.460 

-32.67 

27.420 

32-31 

-31-97 

68.663 

30.26 

32.41 

28.711 

30-74 

76.214 

32.36 

32.96 

35-184 

32.46 

82.376 

30.91 

30.84 

42.510 

33-M 

94-738 

32.29 

31-43 

43-976 

33-87 

97.046 

32.54 

47-892    ■ 

32-63 

30.60 

4528.798 

32.91 

32.65 

56.030 

33-17 

47.196 

3 1  -  00 

57.656 

31-75 

31 -01 

54.211 

28.51 
(14) 

(14) 

No.  of  compar.  lines 

13 

10 

Means 

-31-63 

-32.14 

e 

±1.26 

±1.05 

Mean 

-31 

to 

±0.34 

±0.28 

-9-23 

c 

4399-935 

4427.266 

Vd 

-0.02 

Ti  standards  used  \ 

4481.438 

4481.438 

Reduction  to  Sun 

-    9 

25 

( 

4555-662 

4527.490 

Radial  velocity 

-41 

I 
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EDWIN  B.  FROST  AND   WALTER  S.  ADAMS 


yCEPHEI—B'  501. 

1903,  May  6,  i?""  42"°.  Hour  angle  E  &■  50" 

Star  spectrum  good  ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave-Length 

Line,  Wave-length 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

-38.06 

-39-42 

4482.376 

-40.27 

-39.00 

28.711 

3«-59 

94-738 

37-56 

42.510 

37-12 

38.20 

97-046 

38. 47 

39.01 

43-976 

38.67 

4501.422 

41.63 

47.892 

39-64 

39-50 

17.702 

38.16 

56.030 

39.16 

39-43 

22.853 

39  91 

57.656 

37.60 

38.01 

28.798 

37-41    i      37.75 

60.460 

38.25. 

46.129 

39-37 

68 . 663 

36.30 

37-84 

4S.938 

38.10 

76.214 

37.86 

38.32 

54.211 

38-45 
(15) 

(15) 

No.  of  compar.  lines 

13 

12 

Means 

-38.62      -38.51 

±1.38 

±0.64 

-38,56 

«0 

±0.36 

±0.16 

-3-06 

( 

4427.266 

4427.266 

Ti  standards  used  \ 

4481.438 
4555.662 

4481.438 
4527.490 

Reduction  to  Sun 
Radial  velocity 

—  3-00 

( 

-41,6 

SUMMARY. 

The  results  of  the  above  detailed  reductions  are  summarized 
in  the  following  table.  The  values  obtained  by  the  two  observers 
are  placed  in  parallel  columns,  followed  by  the  difference  between 
the  two  for  each  plate.  In  the  last  column  is  given  the  mean 
of  both  determinations,  and,  finally,  at  the  foot  of  the  summar}- 
for  each  star  are  found  the  results  derived  from  all  of  the  plates. 

In  the  final  determinations  given,  those  for  ^ Leporis  and 
I  Aurigae  are,  of  course,  entitled  to  low  weight,  since  but  one 
plate  has  been  measured  in  the  case  of  each  star.  Among  the 
other  stars  of  the  list,  the  result  obtained  for  a  Crateris  is  prob- 
ably subject  to  the  greatest  uncertainty:  the  low  altitude  and 
photographic  faintness  of  the  star  have  made  it  a  difficult  object, 
and  all  of  the  plates  secured  have  been  too  weak  for  the  most 
accurate  measurement.  A  few  of  the  plates  of  "y  Aquilac  and 
'1  Piscium  are  also  somewhat  weak,  but  in  a  less  degree. 

The  excellent  agreement  of  the  values  of  the  two  observers 
for  each  plate  of  eLeoiiis,  but  unusually  large  discordance  in  the 
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results  given  by  the  different  plates,  might  lead  one  to  suspect 
that  the  range  of  1.8  km.  may  be  real,  but  a  much  larger  num- 
ber of  plates  would  be  required  before  a  definite  conclusion  could 
be  reached  on  the  subject.  The  range  in  the  values  obtained  for 
a  Persei  we  consider  to  be  due  to  the  character  of  its  spectrum. 


Series  and 
Number 

Date 

F. 

A. 

F.-A. 

Mean 

B  420 
B430 
B46S 

1902,    October    9 

October  29 

November  27 

-13-23 

—  1^.38 

—  14.01 

-13.40 
-13-99 
-14.12 

+0.17 
+0.61 
-j-O.  II 

-13-3 
13-7 
I4-I 

1902.84 

-I3-S 

-13-9 

+0.30 

-13-7 

B  382 
B431 
B458 

1903,      August    7 

October  29 

November  19 

-2.14 
-1-63 
-3-18 

-1-45 
—  1 .69 
-2.79 

—0.69 
+0.06 
-0.39 

-1.8 
1-7 
3-0 

1902.77 

-2-3 

—2.0 

-0-34 

—  2. 1 

/3  LEPORIS. 

B449 

1902,  November  6 

—  12.20 

-12.55 

+0-35 

-12.4 

1902.85 

—  12.2 

-12.6 

+0.35 

-12.4 

/3  GEMINOKUM. 


B477 

A  398 
A  426 

1902,  December  31 

1903,  February    5 

April    8 

+2-83 
+3-31 
+3-44 

+3-77 
+3-67 
+3-57 

-0.94 
—  0.36 
-0.13 

+3-3 
3-5 
3-5 

1903. 12 

+3-2 

+3-7 

-0.48 

+3-4 

a  CRATEKIS. 

B491 
A  438 
A  444 

1903,  February    4 
April  16 
April  22 

+46.09 
+47-28 
+48.94 

+47-65 
+47-29 
+47.12 

-1.56 
—  O.OI 

+1.82 

+46-9 
47-3 
48. 0 

1903-23 

+47-4 

+47-4 

+0.08 

+47-4 
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Series  and 
Number 

Date 

F. 

A. 

F.-A. 

Mean 

A  373 
B492 
B497 

A  433 
B'  499 

1902,  September    6 

1903,  February    4 

March  24 
April    8 
May    6 

-4.19 
-4.48 
-5-51 
-4-55 
-4.87 

-4.81 
-4-38 
-5.02 
—  5.20 
-5.24 

+0.62 
—  0.  10 
-0.49 
+0.65 
+0.37 

-4-5 
4-4 
5-3 
4.9 

5-1 

1903.12 

-4-7 

-4.9 

+0.22 

-4.8 

/3  OPHIUCHI. 


B  378 
A  451 
B'  508 


1902,  August    7 

1903,  April  30 

June  26 


—  10  87 

—  II  .71 
-11.27 


—  10.60 

—  11.27 
-10.77 


—0.27 
-0.44 
—0.50 


-10.7 
II. S 
II  .0 


7  AQUILAE. 


B39S 
B4I7 
B'509 

1902,  August  27 
October  19 

1903,  June  26 

—  1. 01 
-1.67 
-1.66 

-1.83 
—2.88 
-2.05 

+0.82 
+1.21 
+0.39 

-1-4 
2.3 

1.8 

1902.98 

-1.4 

—  2.2 

+0.81 

-1.8 

f  PEGASI. 

A  364 
B379 
B  418 

1902,        July  31 
August    7 
October    9 

+6.16 
+6.06 
+6-55 

+6.06 
+6.1S 
+6.50 

+0. 10 
—  0. 12 
+0.05 

+6.1 
6.1 
6.5 

1902.65 

+6.2 

+6.2 

+0.01 

+6.2 

7  P/SCIUM. 

B  381 
B415 
B4^6 

1902,    August    7 
October    8 
October  30 

—  10.90 
-10.53 
-10.75 

-11.83 
—  10.92 
-10.68 

+0.93 
+0.39 
—0.07 

-".4 
10.7 
10.7 

1902.73 

-10.7 

—  II. I 

+0.42 

—  10.9 
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B483 
A  427 
A  443 


SUPPLEMENTARY    STARS. 
I  AURIGAE. 


Series  and 

Number 

Date 

F. 

A. 

F.-A. 

Mean 

B  446 

1902,  November  16 

+  18.97 

+  18.99 

—  0.02 

+  19.0 

1902.85 

+  19.0 

+  19.0 

—  0.02 

+  19.0 

e  LEON/S. 

1903,  January  8 
April  8 
April  22 


+5-24 
+4.76 
+6-45 


+5-5 


+5-44 
+4-52 
+6.38 


+5-4 


+0.24 
+0.07 


+0.04 


+5-3 
4.6 
6.4 


+5-5 


7  CEPHEI. 


B428 
A  424 
B'  501 


1902,  October  16 

1903,  April    3 

May    6 


-40.59 
-40.88 
—  41.62 


-41.28 
-41-39 
-41.51 


+0.69 
+0.51 


+0.36 


-40.9 
41. 1 
41 .6 


An  examination  of  the  above  results  for  systematic  differences 
between  the  two  observers  indicates  a  slight  tendency  for  F.  — A. 
to  be  positive.  A  general  mean  for  all  of  the  stellar  plates  (37) 
gives  F.  — A.  a  little  less  than  +0.10  kilometers.  It  is,  however, 
extremely  doubtful  whether  this  is  to  be  considered  as  other 
than  accidental,  as  it  is  chiefly  due  to  the  abnormally  large  posi- 
tive differences  given  by  two  somewhat  inferior  plates  of 
7  Aquilae.  Accordingly  it  would  seem  that  the  personality  errors 
are  pretty  evenly  balanced  in  this  series  of  measures;  particularly 
when  the  possibility  is  considered  of  errors  due  to  the  regular 
difference  in  the  corrections  applied  for  curvature. 

No  evidence  is  shown  in  the  results  given  above  of  any 
dependence  of  the  value  obtained  upon  the  position  of  the  spec- 
trograph in  reference  to  the  pier  of  the  telescope.  Of  other 
instrumental  causes  which  might  give  rise  to  errors,  temperature 
changes  may  be  regarded  as  eliminated,  as  a  brief  examination 


2  76 


EDWIN  B.  FROST  AND   WALTER  S.  ADAMS 


of  the  Journal  of  Observations  will  show.  Possible  errors  arising 
from  changes  in  the  electrical  conditions  of  the  comparison 
spectrum  apparatus  may  also  be  disregarded,  as  this  has  remained 
without  essential  modification  during  the  entire  interval  covered 
by  the  observations. 

Spectrographic  determinations  of  the  radial  velocities  of  four 
of  the  stars  in  the  principal  list,  and  of  one  of  the  supplementary 
list,  have  been  published  since  Vogel  and  Scheiner  obtained  their 
results  in  1889-90.  These  are  collected  in  the  following  table. 
For  convenience  in  comparison,  the  value  we  have  found  for  each 
star  in  this  paper  is  repeated  immediately  below  its  name. 


Star 

Observer 

Velocitj- 

Epoch 

No.  of 
Plates 

Range 

Reference 

a  A  rzetis 
-13.7 

Campbell 

Adams 

Newall 

km 
-14. 1 
-13.7 
-14.3 

1896.8 
1901.9 
1902,8 

4 

3 

km 
0.6 

2^8 

ASTKOPHYSICAL  JOURNAL,  8,  150,  l8}S 
ASTBOPHV5ICAL  joUKNAL,  I5,  24,  1902 

Monthly  Xotices^  63,  298,  1903 

a  Persei 

Campbell 

Vogel 

Newall 

-  2-4 

-  3-2 

-  2.6 

1897.8 
1901.0 
1902.8 

4 
13 
14 

1.7 
3.3 
5.7 

ASTROPHYSICAL  JOURNAL,  8,  150,  1898 
ASTROPHVSICAL  JOURNAL.  I3,  322,  190I 
Monthly  Notices^  63,  298,  1903 

a  Boalis 
-4.8 

Frost  and  Adams 
Newall 

-  4-3 

-  5-8 

1902.3 
1903.4 

8 

5 

1.8 
2.7 

Publications  of  the  Yerkes  Observa- 
tory, 2.  35,  1903 
Monthly  Notices,  63,  298,  1903 

e  Pegasi 
+6.2 

Campbell 

+  5.7 

.897.8 

4 

1.2 

ASTROPHVSICAL  JOURNAL,  8,  150.  189S 

€  Leonis 

+5-5 

Wright 
Adams 

+  5.1 

+  4.0 

1899.4 
1900.8 

7 
3 

2.7 

0.9 

AsTROpm'SlCAL  Journal,  ii,  414.  1900 

ASTROPHVSICAL  J0U8NAL,  I5,  25,  1902 

To  us  a  surprising  difference  in  the  above  comparison  is  that 
of  0.5  km  between  our  earlier  measures  of  eight  plates  of  a  Bodtis 
and  the  five  plates  of  this  paper.  We  attach  greater  weight  to 
the  present  series,  on  account  of  the  improved  method  of  insur- 
ing the  uniform  illumination  of  the  collimator  lens  by  the  light 
from  the  spark.  But  the  range  in  velocity  observed  in  either 
series  is  larger  than  might  be  expected  for  a  star  having  such 
well-defined  lines. 

There  would  appear  to  be  a  slight  tendency  toward  a  syste- 
matic difference  between  our  results  and  those  of  other  observers, 
in  the  direction  of  a  larger  positive,  or  smaller  negative,  value  for 
our  velocities.  The  amount  is  so  small,  however,  and  the  quan- 
tity of  material  with  which  comparison  may  be  made  is  at  present 
so  meager,   that   no  certain   inference    can    now   be  drawn.     An 
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investigation  of  this  and  of  many  other  matters  of  interest  will  be 
possible  as  the  results  of  other  participators  in  the  co-operation 
are  published.  It  is  known  that,  owing  to  changes  being  made 
in  their  spectrographs,  at  least  two  of  those  planning  to  co-operate 
have  been  unable  to  carry  out  the  program  during  the  past  year, 
but  expect  to  do  so  during  the  present  year.  A  general  compari- 
son of  approximately  contemporaneous  results  by  all  participators 
will  therefore  not  be  available  until  later,  but  we  have  thought 
that  the  prompt  publication  of  our  results  would  nevertheless  be 
of  service.  We  shall  continue  our  observations  this  year,  follow- 
ing the  program  as  closely  as  possible. 

Yerkes  Observatory, 
August  27,  1903. 


ON    THE    SPECTRA    OF    IMPERFECT    GRATINGS. 

Bv    A.    A.    MiCHELSON. 

It  will  be  convenient    to   consider  separately  gratings  which 
act  by  opacity  and  those  depending  on  retardation.     The  sim- 
plest case  of  the  former  may  be  represented  by  the  expression 
y  ^=  a  cos  ks  -\-  b  sin  ks  ,'  (i) 

in  which  y  represents  the  reflection  (or  transmission)  factor  at 
any  point  i^  of  a  line  perpendicular  to  the  rulings,  and  k  =  27r/cr, 
where  o"  is  the  constant  grating-space. 

If  a  plane  wave-train  of  frequency  «/27r  fall  normally  on 
such  a  grating,  the  effect  in  a  direction  making  an  angle  6  with 
the  normal  will  be 

)  yds  cos  (///  —  9) 
where 

a  =  i^^sin  d  . 

The  intensity  of  the  diffracted  light  is 

/=  [ JVj-  cos  9]'+  [  jV-f  sin  a]'  (2) 

or 

/=  a''     (  cos  ks  cos  9  lis    +  '''"     )  sin  ks  sin  9  ds     . 

The   integrals,  taken   from    —  >o   to   co  ,   have   sensible  values 

only   at  sin6=ib-,   and   the  intensity  in   these  directions  is 
<r 

If  the  grating  cannot   be  represented   by  a  simple  sine  curve, 

let 

y  =  2fl,„  cos  mks  -\-  1b,„  sin  mks  . 

This  value  substituted  in  (2)  gives 

/«  =  al,  +  F„ 

m\ 

in  directions  such  that  sin  Q  ^=  di  —  . 

(T 

'To  avoid  negative  values,  a  constant  should  be  added,  but  this  affects  only  the 
central  image  and  not  the  lateral  spectra. 
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As  an   illustration  suppose  y  =  i  from  s  —  O'los^-a,  and 

r  =  O  from  5  =  -  o"  to  i  =  o". 

■'  2 

The  value  of  the  coefficients  in  the  series  for  j  will  then  be 

a„  ^o,     (5„=-,     b.^^  I   ,     ^,  =  0,     ^,=  -,     etc. 

2  "3 

The  intensities  of  the  spectra  will   be  in  the  proportion  of  — 

for  the  central  image  and  i,  o,  -  ,  O,  — ,  etc.,  for  the  spectra  in 

their  order,  in    agreement  with    the    results  obtained    by   Lord 
Rayleigh." 

In  the  case  of  a  reflection  grating  the  retardation  is 

8  =  —  [j  sin  (9  -  J  (i  +  cos  6)]  ,* 

and  the  effect  in  a  direction  Q  will  be 

^ds  cos  («/  -  9)  .  (3) 

The  intensity  will  be 

/=  \^^  ds  cos  9]'+  yjj  ds  sin  a]° .  (4) 

Putting 


cos  — ■  I  V  .  2  cos'  -  I  =  2(Z„,  cos  mks  , 
A.  V  2/ 

sin  —  ly.2  cos'  -  j  =  2(^„  sin  mis  , 

2ir  /     X  „\ 

—  [m sin  o  I  :=/  , 

X    \     a-  f 

^(;«^  +  sine)=/', 

'Lord  Rayleigh  Scientific  Papers,  Vol.  III. 

*For  a  transmission  grating  9  =  ^  [■"'  sin  8-\-y  (i  —  «  cos  6)\  . 


and 


and 
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The  limits  being  infinite,  /has  finite  values  only  at  /  =  o  and  at 
j>'  =  0,  or  for  sin  6=^m\/cr  and  sin  0  =  —  wX/cr.  For  the 
former 

/=  (a.,.  +  />,„r 

and  for  the  latter  /'^  {a,„  —  b,„y  . 

\i  a,„  =  b,„,  all  the  negative  spectra  vanish.      If  of  the  positive 
spectra  all  are  to  vanish  except  the  ;«th,  then 


which  arives 


2T  /  J\  , 

OS  -—■  \y  ■  2  COS"  -  I  ^  cos  inks  , 

in—  I  ^'.2  cos  -i  =  sui  mks  , 


y  =  {x  -\-  tia)  tan  -  ( 


(6) 


The  section  of  the  grating  surface  is  that  represented  in 
Fig.  I.  It  is  essentially  the  arrangement  of  plates  in  a  reflecting 
-echelon. 
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In  actual  gratings  the  ruled  space  is  limited,  and  the  spectrum 
of  a  homogeneous  source  will  not  be  a  line,  but  an  image  of 
finite  width.  It  is  proposed  to  find  the  distribution  of  light  in 
this  image  for  any  given  grating.  This  distribution  can  be 
affected  only  by  the  imperfections  of  the  ruling  (^.  g.  changes  in 
the  strength  of  the  lines  or  in  their  spacing),  but  not  by  the 
character  of  the  furrow.     \Vc  may  therefore  let 

y  =  <f>{s)  cos  mis  -\-  >l/{s)  sin  ?/!is  ^f{s)  . 
By  Fourier's  formula 

/(s)^  I      { C cos  asda -\- S sin  asda)  , 

where  *^"^  J     •^^'^^  ^°^  "^"'^  ' 

and  '^=  I     /[^)  sin  aXi/X  . 

A  single  element  of/(5)  is  therefore 

Ccos  a.f -|- 'Ssin  aj-  ,  (7') 

which  gives  a  spectrum  in  a  direction 

sin^;=±fa     whose  intensity  is     I^^C'-^-S"  .  (8) 

If  the  spacing  is  exact,  ip-  =  C<p,  whence 

/=  r  f<j>(\)  cos/^Xr/XJV  I  j  <^(A)  sin  /<\,/\J  , 

where  p  ^^mk  ±  a.      The    spectrum    images    are    always    sym- 
metrical. 

If  the  spacing  is  not  exact,  but  the  strength  of  the  rulings  is 
constant,  the  usual  case  in  actual  gratings, 
f{s)  =  cos  (ks  —  <o)   , 
(^  :=  COS  w  ,     \p  =  sin  o)  ,     C=  )  cos  (u  —  pX)d\  , 

S=  (sin(<i,-/A)./A   ; 
hence 

/^  r|"cos((o-/A.)(/XJ"'+  I  j  sin  (fo-/,\)d\^  .  (q> 

The  spectral  images  are  generally  unsymmctrical. 
One  form  of  spacing  error  which  doubtless  occurs  in  practice 
is  that  caused  by  the  sudden  release  of  strain  in  some  part  of 
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the  course,  thus  producing  a  "slip"  in  all  the  subsequent  rulings. 
Such  a  case  may  be  represented  by  putting  a)  =r  — a  from  — /to 
O  and  (i>~^a  from  0  to  /.     These  values  substituted  in  (9)  give 


(sin  a  —  sin  {a  —pi)) 


(10) 


The  intensity  curve  which  is 
gi\en  by  squaring  this  ex- 
pression   is    represented    in 

Fig.    2    for   a  ^  0,   s  '^'  "i  '''• 

-  TT,  and  ~  IT. 

The  minima  are  readily 
found  by  putting  C=0, 
which   gives 

//—  2^7  —  ^•"'^  t\    _     (11) 

The  maxima  may  be 
obtained  by  differentiating 
10)  for  p  and  equating  to 
zero.  It  can  be  shown,  how- 
e\er,  that  the  result  is  given 
with  an  error  less  than 
0. 00277  from  «  =  7r/2  to 
a  ^  —  tt/  2  by  the  expres- 
sion 


pj  —  -(a  —  nir) 


(12) 


\i  h  is   the   actual   linear 

isplacemcnt  of  the  rulings, 

,7  =:  2'Kh/a.      Substituting 

this  value  in  (12),  restoring 

H+:  a  ~- k — />  and   remembering 


that  sin 


3^^   I    3^ 
2  I  a        4   / 


-a,  we  have 
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For  h  ^0  and  n  ==  O,  sin  9o  =  ^-/o",  whence 

o-  \2/        4    /  / 
6\         dd         3  /i       3  «o- 
\        tan  6       2  /       4  / 
If  the  observations  are  made  in  the  ;«th  spectrum,  a  must  be 
replaced  by  (r/m.     Put. 
ting    also    2I  =^  N<t    we 
have 

^  =  A  ^^  _  ^\ 

Treating  (  1 1  i  in  a  simi- 
lar way, 
d,X       4    l/t       2n  -\-  1^ 


d,X       4    //i       2«  +  i\ 
A.        ^  V  ^m    ) 


4  m 

These  expressions 
represent  the  percent- 
age error  due  to  setting 
on  the  maximum  and 
the  minimum  respect- 
ively. The  graphs  of 
these  errors  are  repre- 
sented in  Fig.  3  by  the 
systems  of  straight 
lines. 

The  actual  phase 
which  may  be  selected 
for  measurement  will, 
however,  depend  large- 
ly on  the  observer. 
When /j  is  small,  this  will  be  the  brightest  part  of  the  line,  and 
the  error  will  be  represented  by  the  lines  of  lesser  inclination; 
while  if  /i  is  nearly  one-fourth  of  the  grating  space,  the  minimum 
would  be  selected,  and  for  values  between,  the  measurements 
would  be  uncertain,  with  a  tendency  to  setting  on  the  "center 
of  gravity." 

This   surmise    is    am]:)ly   verified    by    observation.       I'or  this 


Fig.  3. 
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purpose  a  grating  was  mounted  on  a  spectrometer,  and  a  pair  of 
plane-parallel  glasses  was  placed  in  front  of  the  collimator  lens. 
One  of  the  plates  could  be  rotated  through  a  measured  angle, 
thus  introducing  in  the  corresponding  half  of  the  field  any 
required  retardation.     The  results  are  shown  in  Fig.  4. 

The  curves  from  this  and  other  observations  are  repeated  in 
Fig.  3.  If  a  vertical  line,  for  instance  that  at  ^^o.i^tt,  be 
drawn  through  the  curves,  the  intersections  will  correspond  to 
errors  of  4.0,  3.5,  2.0  and  —1.5  twentieths  respectively.  The 
constant   error    introduced   in    comparing  the   second   with    the 


-*1 


third  spectrum  will  be  O.i,  while  between  the  third  and  fourth  the 

error  will  amount  to  O.i 7.      If  a  =  -Tr,  corresponding  to  k  =  -zu y 

the  error  introduced  in  comparing  the  first  spectrum  with  the 
second  will  be  0.5.  The  absolute  error  depends  on  the  number 
of  lines  in  the  grating.  If  this  be  100,000,  these  errors  will  be 
I,  1.7,  and  5  parts  in  a  million  —  quantities  of  the  same  order  as 
those  given  by  Perot  and  Fabry,'  indicating  a  systematic  error 
in  Rowland's  table  of  wave-lengths. 

If  the  ruling  is  affected  by  a  periodic  error,  the  spectral  lines 
are  accompanied  by  ghosts.  The  elementary  eNplanation  has 
long  been  known,  but,  so  far  as  I  know,  no  general  theory  has 
been  proposed  which  furnishes  a  relation  between  the  character 
of  the  periodic  error  and  the  intensity  of  the  ghosts. 

The  result  in  its  widest  generality  would  be  obtained  by  sub- 
stituting for  </)  and  i/r  any  periodic  functions;  but  it  will  serve  our 
purpose  if  <^  is  even  and  -^  is  odd. 

^Comptes  Rendus,  133,  I53»  1901. 
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Putting  (^(5^)=S«^  cos  qs  and  i|r(5)  =  S3^  sin  qs  in  (7),  we  obtain 

C^\agCOs{q  —  p)Xdk-\-  {bgS\n{q—p)\d\  , 

+  I  rty  cos  {g -\-p)  kdX  —   \bg  sin  (^  -f-/)  Xr/X  , 
5  =  0  . 

If  the  number  of  periods  is  large,  the  value  of  C  will  be 
appreciable  only  in  the  vicinity  oi  p  ^=  q  and  /  =  — q,  and  in 
these  directions  the  intensitv  will  be 

Tg  =  C/  =  ((7^  -f  bg  y     and     7^'  =  {a^  —  b^  f 
or 

Jg^\    j     <^(5)  cos^^^/^+   I    i/'(j)  sin  ^^(/^  I 

Iq^=\     I      <t)(s)  COS  t/s t/s  —     I     l/'(^)  cosi7J-//s- I 

If  ^,  =  0,  the  ghosts  are  symmetrical  about  the   principal   line. 
If  a^^=b^,  the  ghosts  on  the  side  of  />  =  —  q  vanish. 

If    the    only    error    is    that    due     to     unequal     spacing,    let 

^(5)=  cos  to  and  ■</r(.j)=  sin  to,  then,  if  (7=  ^^  ,  where  5'  is  the 
period  of  the  error,  and  w  =  i ,  2,  3   .   .   . 

ag=  I     cos  (o  cos  </sds  ,     f^^  =  1     sin  <o  sin  ^j(/.f  , 

/(,  =      (    cos  (w  —  ^j^)  ds\  ,      /;  =     j     cos  («)  +  qs)  ds      . 

As  an  illustration  take  o)  =;  /«  from  0  to  S;  then 
^         /    sin//5   \=  J       ,.       /    sin  //5    \' 

\/lS  —  27r/«/  \//6  +  27rw/ 

The  expression  (4)  represents  the  intensitv  of  the  reflected 
light,  whether  the  surface  be  furrowed  or  not.  For  normal 
incidence,  therefore,  the  intensity  of  the  diffraction  image  is' 

/^  I  j  ds  cos  {2my  cos  0  —  ms  sin  B)  p+ 

J  ds  sin  {2my  cos  6  —  ;/ii-  sin  &)       . 

'  A  more  gen«ral  expression  including  both  absorption  and  retardation  is 
/=  C'  +  ^'j  where  * 

C=  r/(/)cos(w-/>i)(/i    and    5=  J"/(j)  sin  (u -/.r^j  . 
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But  if  we  replace  2niy  cos  S  by  oa  and  tn  sin  6  by/,  this  is  the 
same  as  (g),  save  that  p  is  now  single-valued.  Hence  all  the 
preceding  results  except  those  relating  to  the  form  of  the  furrow 
may  be  applied  to  the  case  of  smooth  surfaces  such  as  mirrors 
and  prisms. 

Ryerson  Laboratory, 

University  of  Chicago, 
October  1903. 


SOLAR  PROMINENCES  AND  TERRESTRIAL  MAG- 
NETISM. 

By    A.    L.   CoRTiE,    SJ. 

Recent  researches  with  regard  to  the  relation  which  exists 
between  Sun-spots  and  terrestrial  magnetism,  while  confirming 
the  general  connection  between  the  two  classes  of  phenomena 
established  by  Mr.  Ellis  and  Canon  Spec,  have  emphasized  the 
conclusion  that  this  relation  is  not  one  of  efficient  cause  and 
effect.  Such  is  the  outcome  of  the  comparison  of  the  magnetic 
storms  recorded  at  Stonyhurst  and  the  greater  solar  spots  made 
by  Father  Sidgreaves,  and  the  analysis  of  the  Kew  magneto- 
grams  for  the  period  of  eleven  years  recently  concluded  and 
published  by  Dr.  Chree.  The  same  conclusion  was  set  forth  in 
a  former  paper  by  the  writer  on  "Minimum  Sun-spots  and  Ter- 
restrial Magnetism,"' which  contained  a  detailed  study  of  the 
individual  Sun-spots  and  the  magnetic  curves  for  the  period 
1899-1901.  There  is  an  undoubted  general  connection,  not  a 
mere  series  of  coincidences,  between  Sun-spots  and  magnetic 
storms,  but  the  supposed  direct  action  of  Sun-spots'is  in  indi- 
vidual cases  so  capricious  and  irregular  that  it  is  doubtful 
whether  they  can  be  regarded  as  even  instrumental  causes  of 
the  magnetic  storms.  The  existence  rather  of  a  common  cause 
is  indicated  by  the  observations,  which  acts  sometimes  on  the 
Sun  causing  spots,  sometimes  on  the  magnets,  and  sometimes  on 
both  Sun  and  magnets. 

But  the  question  has  been  raised  more  than  once,  and  recently 
in  a  paper  on  "The  Relation  between  Solar  Prominences  and 
Terrestrial  Magnetism"  by  Sir  Norman  and  Dr.  Lockyer,'' 
whether  solar  prominences  may  not  supply  the  places  of  spots 
in  those  cases  in  which  great  or  active  magnetic  storms  occur 
without  the  presence  of  any  spot.  The  curves  presented  in  the 
paper  show,  as  was  to  be  expected,  that  at  times  of  Sun-spot 
maximum  activity  the  disturbance   is  general,  and   extends  even 

'  ASTROPHYSICAL  JOURNAL,  16,  203-2IO,  I902.  "  Proc.  K.  S.,  71,  244,  I903. 
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to  prominences  in  high  solar  latitudes,  the  curve  of  annual  fre- 
quency for  such  prominences  bearing  a  very  striking  similarity 
to  that  of  great  magnetic  disturbances;  that  is,  disturbances  in 
which  the  range  of  the  declination  magnet  is  greater  than  6o', 
as  deduced  from  Mr.  Ellis's  observations.  But  we  would  submit 
that  this  fact  does  not  show  that  solar  prominences,  and  in  par- 
ticular those  in  high  solar  latitudes,  possess  any  special  virtue  or 
efficacy  in  the  causation  of  magnetic  storms  not  possessed  bv 
Sun-spots,  and  does  not  warrant,  of  itself,  the  conclusion  that 
prominences  may  cause  magnetic  storms  in  the  absence  of  Sun- 
spots.  Rather  is  it  not  only  one  manifestation  of  the  increased 
solar  external  activity  which  is  displayed  in  greater  and  more 
numerous  spots,  and  increase  in  number,  latitude,  and  extent  of 
both  prominences  and  coronal  streamers  ? 

Observations  of  the  prominences  and  chromosphere  were 
taken  at  Stonyhurst  during  the  years  1880-92,  and  in  the  Obser- 
vatory for  March  1893  will  be  found  the  curve  of  profile  area  of 
the  prominences,  compared  with  the  curve  of  Sun-spot  surface 
deduced  from  the  Greenwich  records  for  the  whole  period  of 
the  observations.  The  accord  of  the  two  curves  is  very  striking, 
and  corroborates  what  was  known  before,  that  the  activity  of  the 
prominences  is  in  direct  proportion  to  the  activity  of  Sun-spots. 
Now,  both  Canon  Spee  and  Mr.  Ellis  have  shown  the  complete 
similarity  of  the  curves  for  Sun-spot  frequency  and  magnetic 
declination  over  long  periods.  Mr.  Ellis,  too,  has  demonstrated 
that  the  Sun-spot  curve  is  also  identical  with  the  curve  of  fre- 
quency of  magnetic  storms.  Hence  it  follows  that  the  accord  of 
the  prominence  curves  and  the  magnetic  curves  is  no  proof  of 
the  causality  of  prominences  with  regard  to  magnetic  storms.  If 
it  were  possible  to  make  a  curve  of  isolated  solar  prominences 
and  then  show  that  such  a  curve,  to  the  exclusion  of  the  Sun-spot 
curve,  corresponded  to  the  curve  of  magnetic  storm  frequency, 
then  the  argument  would  have  a  greater  force.  Hut,  except  that 
they  occur  in  latitude  in  whicli  Sun-spots  arc  not  found,  solar 
prominences  arc  not  phenomena  isolated  from  spots  and  facula;. 
Nay  more,  it  is  only  one  class  of  solar  prominences  that  are  even 
separated    in    latitude    from    Sun-spots,   namely,   the    relatively 


PR  OMINEXCES  A  ND  MA  GNE  TISM  2  8  9 

quiet,  as  distinguished  from  the  eruptive,  prominences.  For, 
with  regard  to  this  latter  class,  they  are  almost  entirely  confined 
to  the  Sun-spot  zones,  and  as  a  general  rule  accompany  outbursts 
of  spots  or  faculae.  To  take  one  period  as  an  instance,  namely, 
that  treated  of  by  Professor  Wolfer  in  the  Publicationcn  der 
Sternwarte  des  Eidg.  Polytechnikums  zu  Zurich  (Band  III).  Of 
315  metallic  or  eruptive  prominences  included  in  the  lists  dis- 
cussed for  the  years  1893-95,  274,  or  86  per  cent.,  were  con- 
nected with  spots;  27,  or  9  per  cent.,  with  facuL's;  while  only  14, 
or  5  per  cent.,  were  independent  of  spots  and  faculae.  Father 
Fenyi,  too,  in  the  publications  from  the  Haynald  Observatory  at 
Kalocsa,  calls  attention  to  the  same  fact,  though  the  converse  is 
not  true,  as  spots  and  faculse  have  frecjuently  no  accompanying 
eruptive  prominences. 

Nevertheless,  to  quote  from  Sir  Norman  and  Dr.  Lockver's 
paper:  "The  magnitude  of  magnetic  storms  appears  to  vary 
according  to  the  particular  position  as  to  latitude  of  the  promi- 
nence on  the  Sun's  disk.  The  nearer  the  poles  (either  north  or 
south)  the  prominence  occurs,  the  greater  the  magnetic  storm, 
and  these  are  the  regions  where  no  spots  exist."  As  a  contribu- 
tion to  the  elucidation  of  this  point,  it  was  determined  to  study 
in  detail  all  the  more  noteworthy  prominences  of  some  selected 
period,  and  to  see  whether  they  exercised  any  effect  upon  the 
magnets  independently  of  the  spots  and  faculse.  Obviouslj-  a 
minimum  period  of  solar  activity  is  the  best  for  this  purpose, 
first  because  in  a  maximum  period  it  is  impossible  to  unravel  the 
various  outbursts  of  spots,  faculs,  and  prominences,  and  appor- 
tion to  them  their  proper  magnetic  storm.s;  and,  secondly,  because, 
if  in  a  time  of  minimum  Sun-spots  an  extraordinary  prominence 
appears,  and  prominences  arc  to  be  supposed,  for  the  sake  of 
argument,  to  be  the  cause  of  magnetic  storms,  it  ought  to  be 
accompanied  by  at  least  an  active  movement  of  the  magnets.  It 
was  intended  to  study  the  four  years  1 887-90,  for  which  an 
excellent  series  of  observations  with  detailed  descriptions  of  the 
greater  outbursts  has  been  published  by  Father  Fenyi  at  Kalocsa, 
but  as  the  work  of  comparison  is  rather  laborious,  the  results  for 
only  two  years  have  been  gathered  together  in  the  following  table. 
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which  contains  details  with  regard  to  forty-eight  prominences. 
The  principle  of  selection  has  been  to  admit  such  as  were 
especiall}-  noteworthy  either  on  account  of  their  eruptive  nature, 
or  the  displacements  of  their  spectrum  lines,  or  were  of  a  height 
equal  to  or  greater  than  loof  Their  character  as  eruptive  or 
non-eruptive  is  indicated  in  the  third  column,  their  maximum 
height  or  displacement  and  their  heliographic  co-ordinates  being 
given  in  other  columns  of  the  table.  In  the  columns  devoted  to 
the  readings  of  the  curves  of  the  declination  magnet,  the  first 
gives  the  maximum  diurnal  range  for  the  date  on  which  the 
prominence  was  observed,  the  second  the  intensity  of  the  storm, 
if  any,  observed  within  three  days  before  or  after  the  prominence 
was  seen,  and  the  third  the  date  on  which  the  magnetic  storm 
occurred.  In  Mr.  Ellis's  discussion  of  Sun-spot  frequency  and 
magnetic  storms  an  active  storm  on  the  declination  magnet  is 
one  in  which  the  range  exceeds  30'  and  is  less  than  60',  while  a 
great  storm  is  one  in  which  the  range  exceeds  60.'  We  have  used 
the  corresponding  numbers,  3,  4,  etc.,  as  indications  of  intensity. 
In  the  last  column  are  given  the  Greenwich  numbers  for  such 
spot-groups  as  have  been  identified  as  connected  with  any  of 
the  prominences. 

Of  these  forty-eight  prominences  twenty-nine  were  either 
immediately  associated  with  spots  and  faculae,  or  occurred  ir» 
the  latitudes  frequented  by  Sun-spots.  This  number  includes  all 
the  so-called  metallic  prominences.  During  the  year  1887  there 
were  only  two  noteworthy  Sun-spot  groups  on  the  Sun ;  those 
numbered  thirty-two  and  thirty-four  in  the  Ston^'hurst  series. 
The  first  was  born  on  the  visible  disk  on  May  14,  and  after  five 
rotations  disappeared,  also  while  on  the  visible  disk,  on  August  4, 
but  in  the  next  rotation  there  was  an  outburst  in  such  close  prox- 
imity to  its  position  as  evidently  to  have  formed  part  of  the  same 
disturbance.  This  one  disturbance  covers  the  groups  numbered 
1978,  1987,  1992,  1998,  2006,  and  2010  at  Greenwich.  Its 
mean  longitude  was  92°  and  its  mean  latitude  —8°.  At  its  first 
appearance  it  crossed  the  western  limb  on  May  22,  and  the  table 
shows  that  there  was  a  fine  metallic  prominence  seen  on  the 
limb,  which  also  showed  a  displacement  corresponding  to  no  less 
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NOTEWORTHY    PROMINENCES,     li 


Magnetic  Declination 


1887 

May  22 

June   6 

8 

23 

25 

26 
27 

July  I 
9 
16 
16 
18 
19 
20 
29 
30 
30 
30 

Aug.  12 

25 

29 

29 
Sept.  15 

18 
Oct.  12 

1888 
Jan.  10 
Feb.   I 
7 

17 

March  6 

7 

14 

20 
April  6 

16 

29 
May  1 1 
June  7 
July  13 

28 

Aug.  22 

Sept.  5 

6 

10 
Oct.  13 

25 

Nov,  26 

30 


M. 
H. 

M. 
H. 
H. 
M. 
H. 
H. 
M. 
H. 
H. 
M. 
H. 
H. 
H. 
M. 
M. 
H. 
M. 
M. 
M. 
H. 
M. 
H. 
H. 

H. 

H. 
H. 
M. 
H. 
H. 
M. 
M. 
H. 
H. 
M. 
H. 
H. 
H. 
H. 
H. 
M. 
M. 
M. 
H. 
H. 
M. 
H 
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76 
326 
68 
295 
58 
224 
311 
235 
179 
238 
246 
266 
271 
265 
314 
325 
147 
147 
272 
197 
220 
159 
104 


-  8°W 
-12  E 

-  I  E 

+31  w 

-  7  E 

-  8  E 
-II  W 

-  6  W 

-13  w 

-47  E 
+  8  W 
+  2  W 
+22  W 
-17  E 
+47  W 
-12  W 

-  6  E 
-10  W 

-  6  E 

-  7  E 
+  I  W 
+21  E 

-  7  \V 
-45  W 
+46  W 

-  8  E 
-10  W 

+18  E 

-  2  E 
+  11  E 
-49  W 

-  8  E 

-  9  E 
-17  W 
-37  E 

-  8  W 

-  6  E 
+58  E 
-22  W 

-  7  E 
+20  E 

-  10  E 
-10  E 

-  8  W 
-47  W 
+34  E 

-  9  E 
-23  E 


10. 0 
7.0 
3-1 
5-9 
7.5 
8.0 
8.0 
8.8 

15.8 
3-7 
3-7 
0.7 


9.2 
9.2 
9.0 
9.0 
9.0 
6.3 
12.8 
31-3 
31-3 
16. 1 
II. 0 
16.9 

30 
1 .0 
i.o 


9.0 

15.6 

31 

3-0 

13-3 

■2.5 

1 .0 

0.0 

1 .2 

9-5 

15-5 

6.5 

2.0 

2.0 

4.0 

14.9 

1.5 

lb. I 

II. 8 


June  20 


Aug.  I 
Aug.  2 
Aug.  2 
Aug.  2 


Aug.  28 
Aug.  29 


Jan.  7 


March  9 
March  9 


April  4 
April  13 


May  7 
June  3 


197S 

19S7  Facula; 

igSS 


1991? 
1991 


Faculje? 
1991 


Faculoe? 
1994 


1995   Facula; 

1999 

1995 

2001 

2006  Facula 

2005 


Faculse 


2035 
Faculse 

2039 
2041 
Facuke? 


2051 
2052? 


2059  Faculae 
2061 


2070 
2070 
2066 


2076 
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a  velocity  than  426  km  per  second  in  the  line  of  sight.  The 
maximum  diurnal  range  on  the  day  was  10',  and  there  was  no 
disturbance  of  the  magnets  that  could  be  classed  as  active.  The 
other  prominences  of  the  table  connected  with  this  spot-group 
are  No.  2,  seen  on  its  second  entrance  on  the  disk,  again  without 
magnetic  storm,  and  No.  20,  also  without  storm  of  any  kind, 
the  maximum  diurnal  range  being  j.'o  and  I2!8  respectively. 
The  first  magnetic  storm  which  occurs  at  any  date  near  to  that 
on  which  a  prominence  was  seen  was  on  June  20,  a  fine  isolated 
prominence  being  observed  on  the  twenty-third.  If  this  is  to 
be  considered  as  a  case  of  connection  of  isolated  prominences 
and  magnetic  storm,  the  next  big  prominence,  possibly  con- 
nected with  a  facula,  but  having  no  connection  with  spots, 
beyond  its  occurrence  in  the  spot-zones,  is  directly  opposed  to 
any  such  connection.  It  was  a  splendid  prominence  which 
changed  its  form  very  rapidly.  In  eleven  minutes  it  rose  from 
60"  to  163",  with  a  corresponding  line-of-sight  displacement  of 
the  C  line  indicating  a  velocity  of  320  km  per  second.  In  about 
seventeen  minutes  after  attaining  its  maximum  height  it  had 
practically  disappeared.  More  than  this,  as  the  table  shows, 
there  were  many  fine  prominences  observ^ed  by  Father  Fenyi  in 
Julv,  and  Canon  Spec's  tables  deduced  from  observations  at 
Rome  and  Palermo  also  show  an  increase  in  number  of  promi- 
nences during  this  month.  Yet  the  magnets  were  very  quiet, 
and  remarkably  so  as  the  end  of  the  month  approached.  How- 
ever, at  the  end  of  the  month,  on  the  twent3'-ninth  and  thirtieth, 
four  fine  prominences  were  observed,  three  connected  with  Sun- 
spot  groups,  one  of  which,  that  numbered  eighteen,  was  active 
all  day,  and  one  an  isolated  hydrogen  prominence  in  higher  lati- 
tudes. The  magnets  were  actively  disturbed  on  August  i  and  2. 
Is  the  connection  here,  if  any,  with  the  spots  or  with  the  one 
isolated  prominence  ?  Again  we  have  storms  on  the  magnets 
on  August  28  and  29,  and  on  the  twent\--ninth  two  fine  ])romi- 
nences  are  observed,  one  connected  with  a  .Sun-spot,  the  other 
isolated.  Which  is  to  ha\e  the  credit  of  the  magnetic  storm  ? 
On  January  7  there  was  a  magnetic  storm,  and  on  January  10  a 
fine  prominence  connected  with  group  2029  of  the  Greenwich 
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series,  while  the  magnetic  storm  of  March  g  may  be  credited  to 
the  isolated  prominence  of  March  7,  or  to  that  connected  with 
the  faculae  of  March  6.  The  most  telling  cases,  however,  in 
favor  of  isolated  prominences  affecting  the  magnets  are  those 
numbered  35  and  38  in  the  list.  On  April  16  the  spotted  area 
of  the  Sun  was  extremely  small,  and  so  too  was  the  area  covered 
by  facula; ;  therefore  the  storm  of  the  thirteenth  may  possibly 
be  connected  with  the  prominence  of  the  sixteenth.  Similar 
remarks  apply  to  the  prominence  of  June  7,  on  which  day  there 
were  no  spots  on  the  Sun,  and  a  moderate  area  of  faculae,  and 
the  magnetic  storm  of  June  3,  allowing  four  days'  grace,  for  a 
prominence  which  at  the  time  of  the  storm  must  have  been  on 
the  Sun's  invisible  hemisphere.  But  the  most  active  prominence 
of  the  year  was  observed  on  September  5  and  6,  in  connection, 
however,  with  a  spot-group  of  moderate  size.  No.  2070  in  the 
Greenwich  series,  and  which,  according  to  the  Stonyhurst  rec- 
ords, was  one  of  three  distinct  formations  occurring  in  the  same 
position.  Its  presence  is  also  shown  in  the  table  in  No.  47, 
connected  with  spot-group  2076.  There  is  not  the  slightest 
corresponding  movement  of  any  sort  on  the  magnets  in  con- 
nection with  the  big  September  prominences,  the  curves  being 
straight  lines,  for  several  days  before  and  after,  and  only  a 
slight  movement  in  connection  with  the  November  prominence. 
Finally  on  October  13  and  25,  and  November  30,  1888,  there 
occur  cases  of  isolated  prominences  higher  than  that  of  April 
16,  with  which  we  connected  the  magnetic  storm  of  April  13. 
The  magnets,  however,  are  quiet,  the  greatest  range  being  16.' i 
on  November  26.  It  follows,  therefore,  that  in  the  period  dis- 
cussed, which,  though  limited  in  extent,  contains  many  fine 
prominences,  no  conclusion  can  be  drawn  as  to  the  relationship 
of  prominences  and  magnetic  storms,  seeing  that  in  the  cases  of 
both  eruptive  and  non-eruptive  prominences,  though  some  few 
seem  to  be  connected  with  magnetic  storms,  others  equally  high 
and  equally  active  are  totally  unconnected  with  any  extraordi- 
nary movements  of  the  needles. 

Stonyhurst  College  Observatory, 
September  1903. 


THE  SPFXTRUM  OF  LIGHTNING. 
By  Philip  Fox. 
Spectk.\  of  lightning  flashes  were  photographed  on  the 
nights  of  July  i6,  17,  August  3,  and  October  6  by  means  of  an 
objective-prism  spectroscope.  The  camera  lens  was  of  35  mm 
aperture  and  274  mm  focal  length.  The  30°  flint-glass  prism 
was  from  a  large  spectroscope  loaned  to  the  Observatory  by  the 
Massachusetts  Institute  of  Technology.  Of  the  dozen  plates 
showing  spectra  the  best  was  obtained  on  August  3  at  9''  lo"  in 
the  evening,  and  shows  three  flashes.  They  are  reproduced 
herewith  (Plate  IX).  The  original  negative  is  on  a  Cramer 
Isochromatic  plate. 

Vogel  and  Lohse,'  and  Schuster^  identified  certain  lines  in 
the  lightning  spectrum  with  lines  of  the  spark  spectrum  of  air. 
Following  the  suggestion  of  their 
work,  the  spectroscope  was  pro- 
vided with  a  slit  and  collimator,  and 
the  air  spectrum,  obtained  by  pass- 
ing a  spark  between  silver  termi- 
nals, was  photographed.  The  agree- 
ment in  position  of  the  lines  is 
shown  in  Fig.  i.  The  wave-lengths 
uf  the  lines,  with  their  identification, 
are  given  in  the  table,  which  also 
shows  the  wave-lengths  of  lines  as 
determined  by  Vogel  and  Lohse, 
Schuster,  and  E.  C.  Pickering.* 
Lieutenant  HerscheH  also  identi- 
fied some  of  the  lightning  lines,  the  principal  one  probably 
being  that  at  A.  5003  of  the  present  determination. 

■  Voc.Ei,,  Posg.  Aim.,  143,  65,5-654,  1871. 
'P/ii/.  Mas-,  (5)  7,  316-321,  1879. 

^Harvard  College  Observatory  Circular  No.  62.         «/Voc.  A'.  S.,  17,  61,  1869. 
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Fig.  I. — Spectrum  of  lightning 
and  of  air. 
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Measured  Wave-Length 

Character 

Air  Spectrum 

(Neovius) 

Vocel 

ScHUS- 

Pickering 

High  Power 

Low  Power 

■3839.8 
3843    I 

3848 

3838 

Faint,  broad 

\  .3845-3 
1  3850-6 
I  3857 -2 
f 3882. 6 

i.  3912.2 
I3919-2 

3898 

3890 

Faint,  double 

3881 

3915 

at  times 

(3945-3 

3950 

3943 

Very  faint 

J  3947-5 
1  3954-6 
1.3956.1 

395^  \  m 

3997 

3997 

Sharp 

3995-2 

3998  \  "^ 

4041-5  s 

4041,5  s 

Sharp 

4041.5 
(    r4072.4 
1    14076.3 
J    14097-3 
1    J  4103.4 
1    1  4105.2 

4046 

4074 
4106 

4077 
410S 

Poorl  1 1 
Fair  j  8  s 

4I02//5 

\    \  4119.4 

f   (4152.0 
1    1  4153-7 

4147 

4143  V.  edge 

Broad, 

4165  center 

4154 

double  at 

\    (4'76.7 

4183  r.  edge 

4183 

times 

1   <  4180. :! 

I    I  4185.8 

1*4228.9 

4187 

4236 

4238 

Strong 

\  4237-0 
14242   : 

4222 
4263 

4349 

4359 

Broad,  fair 

4349-4 
[4415-0 

4341 

4439 

4439 

Strong 

\  4417-3 
14447-3 

4529 

4535 

4603.  v.edge 

Broad,  hazy 

4530-3 
r 4596. 6 
1       to 

4583  /  1 

4673  s  % 

4519 

4630.7  s. 

4630.7  center 

Broad,  strong 

-;  4661 .9 

4660.  r.  edge 

1 46.^0.9 

4643 

4790 

4786 

Very  faint 

478S.5 

4754 

4858 

4842 

Very  faint 

4861 .0 

4860 

4861  iV/S 

5003.7  s 

5003.7  .s 

Good 

\  5002 . 7 
/  5005 -7 

5002 

5002 

4940 
5022 

5175 

S156 

Very  faint 

51S0 

5IS4 

5I8I 

5173 

includes 

5453-8 

5260 

5306  V.  edge 

Broad  band. 

5462  ■■ 

» 

5600  max. 
5683  r.  edge 

red  edge 
very  strong 

■ 

5479 
5496 
5535 
5667 

8 
6 

2 
I 

5341 

5334 
5592 

5595 

5679-8 

5681 

The  letter  s  indicates  the  lines  used  as  standards  in  deriving  the  formula  for 
wave-lengths.  The  higher  power  used  in  the  microscope  magnified  about  fifteen 
times,  the  lower  about  three  times. 
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In  studying  the  spectra  some  curious  facts  were  observed. 
The  relative  intensity  of  some  lines  with  regard  to  their  fellows 
is  found  to  vary  in  different  parts  of  the  spectrum.  In  the  first 
flash,  the  line  at  X4349  diminishes  rapidly  in  relative  intensity 
from  the  cloud  to  the  ground.  The  line,  a  combination  of  X4074 
and  X4106,  at  the  top  of  the  flash  is  one  of  the  heaviest  lines, 
being  much  stronger  than  its  two  neighbors  to  the  left.  X4041.5 
and  X3997.  Toward  the  ground,  however,  it  has  lost  greatly  in 
relative  intensity,  having  been  surpassed  by  both  \4041.5  and 
\3997.  These  two  have  increased  from  very  faint  lines  to  rank 
among  the  strongest. 

In  comparing  the  first  flash  with  the  second,  it  is  found  that 
in  the  second  these  same  changes  do  not  exist.  The  only  case 
of  change  in  relative  intensity  is  shown  by  the  line  at  \4439, 
■which  increases  slightly  toward  the  ground. 

The  third  flash,  which  was  at  the  very  edge  of  the  plate, 
shows  the  line  at  X3848  very  strong,  while  in  the  other  flashes  it 
is  comparatively  faint.  This  flash  shows  a  line  far  to  the  violet 
of  X3848. 

This  work  has  been  conducted  under  the  direction  of  Mr. 
Hale.  The  writer  is  indebted  to  Mr.  Ellerman  for  assistance  in 
the  laboratory. 

Yerkes  Observatory, 
October  12,  1903. 
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PHOTOGRAPHIC  SPECTRUM  OF  NOVA  GEMINORUM.' 
At  the  suggestion  of  Director  Campbell,  I  obtained  the  spectrum 
of  the  Nova  with  the  Crossley  reflector,  using  the  small  slitless  spec- 
trograph. Six  negatives  were  obtained  on  the  night  of  April  2,  with 
exposures  ranging  from  10  seconds  to  19  minutes.  Thirty  seconds 
showed  the  stronger  lines  very  faintly,  and  five  minutes  gave  a  good 
negative.  The  accompanying  reproductions.  Figs.  2  and  3,  are  chiefly 
from  the  negative  having  an  exposure  of  ten  minutes,  although  all  the 
plates  were  made  use  of  in  determining  the  relative  intensities.  Fig.  2 
shows  the  spectrum  as  a  negative. 

The  plates  used  were  ordinary  commercial  dry  plates,  sensitive  only 
to  blue  and  violet  radiations.  The  recorded  spectrum  of  Nova  Gemi- 
norum  consists  of  bright  lines  and  bands  superposed  on  a  continuous 
spectrum,  and  extends  from  H^  to  X335.  The  general  appearance  of 
the  spectrum  resembles  somewhat  the  April  1901  spectrum  of  Nova 
Persei  obtained  by  Campbell  and  Wright  with  the  Mills  spectrograph, 
in  the  region  where  the  two  instruments  give  comparable  results.  As 
no  observations  of  the  ultra-violet  spectrum  of  Nova  Persei  were  secured 
before  September  1901,  when  the  star  had  become  a  nebula,  we  do  not 
know  the  early  history  of  the  lines  at  A.  339  and  X346,  photographed  by 
Mr.  Stebbins.  These  lines  are  certainly  not  yet  developed  in  the  case 
of  Nova  Geminorum,  although  there  is  a  decided  strengthening  in  the 
spectrum  at  about  this  point.  There  is  very  little  similarity  in  the 
spectra  of  Nova  Persei  in  September  1901  and  Nova  Gemitwrum  in  the 
region  above  Hh.  Lines  occupying  approximately  the  positions  of  Hi. 
and  Ht„  as  well  as  those  at  AA339  and  346,  are  the  strongest  lines  in 
Nova  Persei,  but  are  indicated  in  Nova  Geminorum  only  by  slight 
strengthenings  in  the  continuous  spectrum.  H^  and  i/8  are  strong  in 
the  recent  Nova,  but  very  weak  in  the  later  spectrum  of  Nova  Persei. 
The  chief  nebular  line  at  X501  is  not  shown  in  the  spectrum  of  Nova 
Geminorum,  but  was  conspicuous  in  Nova  Persei. 

It  is  altogether  probable  that  these   differences  between   the  spec- 
trum of  Nova  Geminorutn  and   the  later  spectrum   of  Nova  Persei  are 
'  From  Lick  Observatory  Bulletin  No.  37. 
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due  to  the  different  stages  of  development  of  the  two  stars.  As  Nova 
Geminorum  assumes  the  nebular  state,  we  may  expect  its  ultra-violet 
spectrum  to  conform  more  and  more  to  that  shown  by  N'ova  Persei. 

Following  are  the  positions  of  the  lines  and  maxima  in  the  spec- 
trum determined  from  three  of  the  plates  : 


1903,  April  2 

No.  8 
Sm. 

No.  9 

No.  10 
19  m. 

Description 

A 

A 

A 

4S6 

486 

486 

m 

Strong.     Narrow 

462 

462 

463 

Very  strong.     Broad 

445 

446 

446 

Faint 

434 

434 

434 

Hi 

Very  strong 

410 

410 

410 

.    m 

"         " 

397 

397 

397 

m 

Moderately  strong 

389 

389 
384 

390 

Hi 

Faint 

Max.  of  band  Htt 

374 

374 

372 

"      Hk 

3S0 

350 

352 

335 

335 

333 

End  of  spectrum 

Spectrograms  were  secured  also  on  April  3,  5,  6,  and  S.  A  com- 
parison of  those  taken  on  the  2d  and  8th  show  changes  in  the  charac- 
ter of  the  spectrum,  in  the  interval  of  six  days.  The  most  noticeable 
change  is  in  the  ultra-violet,  where  the  continuous  spectrum  has  become 
weaker  and  the  bands  at  A.X350,  374,  and  384,  more  conspicuous  in 
consequence.  There  are  indications  also  of  the  development  of  the 
lines  at  XA.339  and  346.  Below  .^8  there  seems  to  be  little  or  no 
change  in  the  continuous  spectrum.  H^  has  become  weaker,  how- 
ever, and  there  are  traces  of  radiations  in  the  region  of  the  chief  nebu- 
lar line. 

The  spectrum  was  examined  visually  on  all  the  nights  when  spec- 
trograms were  secured.  The  Ho.  line  was  always  very  conspicuous.  A 
brightening  was  observed  in  the  yellow  at  about  the  position  of  the 
sodium  lines. 

In  this  connection  it  should  be  said  that  the  dispersion  with  this 
spectrograph  is  so  small,  the  linear',  distance  between  ///?  and  A. 335 
being  only  3^^  mm,  that  close  lines  cannot  be  separated  with  it. 

Between  .\pril  i  and  8  the  Nova  decreased  slightly  in  brightness. 
On  the  latter  date  it  was  recorded  as  fully  as  bright  as  the  8.6  magni- 
tude star  preceding,  with  which  it  was  compared  each  night. 

C.  D.  Perrine. 

Aprii.  15,  1903. 


I . —  Region  about  Nova  G. 


•mtnonim. 


nil 


Fig.  2.  — The  Photographic  Spertrum  of  A'o-m  Geminorttm 
(Negative).     April  2,  1903. 


Kk;.  3. —  Intensity  Curve. 
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THE  SPECTRUM  OF  NOVA  GEMINORUM.' 

The  first  opportunit)'  to  observe  the  spectrum  of  Nova  Geminorum 
was  on  the  evening  of  April  1,  when  its  magnitude  was  estimated  at 
8.5.  Only  visual  observations  were  attempted,  by  means  of  Spectro- 
graph I,  consisting  of  a  single  light  flint  prism  in  connection  with  the 
collimator  and  camera  sections  of  the  Mills  Spectrograph.'  These  visual 
observations  and  later  photographs  showed  that  the  spectrum  was  inter- 
mediate between  that  of  Nova  Persei  in  April  1901  and  in  the  follow- 
ing July.  It  consists  mainly  of  isolated  bright  bands,  many  of  which 
coincide  approximately  with  the  lines  of  hydrogen.  The  brightest  band 
was  coincident  with  H^.  To  the  less  refrangible  side  of  it  there  was 
another  strong  band,  and  a  stretch  of  faint  continuous  spectrum 
extending  just  beyond  the  position  of  the  D  lines.  There  were  several 
faint  maxima  near  the  red  end  of  this  continuous  spectrum.  On 
another  night  we  found  that  one  of  these  coincided  approximately  with 
the  D  lines;  and  the  bright  Ha,  overlooked  on  the  first  evening,  was 
easily  visible. 

To  the  violet  of  the  ///3  band  there  appeared  another  band,  fainter 
and  broader,  and  farther  up  there  was  a  faint  band  about  the  position 
of  Hy.     Nothing  could  be  seen  above  this. 

Following  is  the  list  of  good  photographs  secured  to  date: 


2818Z? 

2722jS 
2731^4 

2737-0 
2757^ 


Cramer  Crown 
Cramer  Iso.  Inst. 
Cramer  Iso.  Inst. 
Cramer  Iso.  Inst. 
Cramer  Crown 
Cramer  Crown 


The  first  photograph  was  secured  on  the  evening  of  April  2.  The 
auxiliary  correcting  lens  brought  all  light  in  the  Ji/y  region  in  focus 
on  the  slit,  and  the  adjustments  of  the  instrument  were  such  that  the 
camera  was  in  fair  focus  from  A5000  to  the  ultra-violet.  The  plate  sub- 
stantiated our  results  of  the  previous  night  in  the  region  common  to 
both  visual  and  photographic  observation.  Fig.  4  is  a  reproduction  of 
this  plate,  and  Fig.  5  is  its  intensity  curve.  Table  I  gives  a  description 
of  the  details  of  the  bands.  The  wave-lengths  are  calculated  by  means 
of  the  Hartmann-Cornu  formula,  the  constants  of  which  are  determined 

■  From  Zici  Observatory  Bulletin  No.  37.  'See  L.  O.  Bulletin,  i.  No.  8,  p.  46. 
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from  certain  lines  in  the  comparison  spectrum  of  iron.  The  wave- 
lengths are  corrected  for  the  orbital  and  the  diurnal  motions  of  the 
Earth.  The  effect  of  curvature  of  the  lines  is  negligible.  They  are 
not  corrected  for  the  velocity  in  the  line  of  sight  of  the  star  itself,  for 
we  have  no  means  of  determining  that  velocity  with  certainty.  The 
spectrum  seems  at  first  sight  to  resemble  that  of  Nova  Persei  in  July 
1901,'  but  there  are  great  differences  in  the  details.  The  several  bands 
in  the  present  case  have  not  the  uniformity  of  structure  that  charac- 
terized those  of  A'ova  Persei,  nor  are  the  maxima  and  minima  by  any 
means  so  sharp  and  definite.  Indeed,  it  is  quite  possible  that  a  num- 
ber of  the  details  shown  in  Fig.  5  and  Table  I  are  due  to  accidental 
arrangements  of  the  silver  grains. 

More  important  still  is  the  apparently  total  absence  of  certain  bands 
which  were  present  in  the  spectrum  of  Nova  Persei.  One  of  these  is 
that  corresponding  to  the  nebular  line  at  \386g,  which  in  Nova  Persei 
was  considerably  stronger  than  the  Hh  band.  No  trace  of  it  appears 
on  the  present  plate. 

The  band  farthest  to  the  violet  has  its  ma.ximum  at  X3987.  Here 
again  is  a  decided  difference:  in  Nova  Persei  this  band  was  very  strong, 
and  was  displaced  to  the  violet  of  the  corresponding  hydrogen  line  ZTe 
more  than  the  other  bands  corresponding  with  hydrogen  lines;  and  it 
was  shown^  that  the  preponderating  radiation  was  not  He.,  but  a  com- 
panion nebular  line,  previously  unobserved.  In  Nova  Geminorum  this 
band  is  quite  faint,  and  the  maximum  is  17  tenth-meters  to  the  red 
of  j¥£. 

In  Nova  Persei  the  Hy  band  was  superimposed  on  another  corre- 
sponding to  the  nebular  line  X4363.  In  Nova  Geminorum,  though  the 
corresponding  band  shows  greater  evidences  of  complexity  than  any 
other  in  the  spectrum,  A.4363  would  fall  almost  wholly  outside  of  it, 
so  that  no  radiations  corresponding  to  this  line  exist  with  an  intensity 
at  all  comparable  with  those  due  to  Hy. 

There  is  in  Nova  Geminorum  a  band  with  niaximuui  at  A 4625,  which 
may  perhaps  be  said  to  correspond  with  the  A.  4643  band  \xi  NovaPersei, 
but  there  is  none  corresponding  to  the  complex  band  A.4669  — A.4746, 
which  was  apparently  formed  of  two  or  more  superposed  bands.  In 
Ahva  Geminorum  the  nebular  line  A. 4686  would  fall  just  on  the  edge  of 
the  band  that  is  present,  and  the  helium  line  X4713  would  lie  entirely 
outside  of  it.  No  trace  of  the  two  nebular  lines  X4959  and  A. 5007  can 
be  seen  on  this  plate.     No  doubt  this  is  partially  due  to  the  lower  sen- 

■See  L.  O.  Bullelin,  i,  No.  8.  '  L.  O.  Bulklin,  i,  No.  8.  p.  54. 


MLXOR  CONTRIBUTIONS  AND  NOTES  301 

sitiveness  of  the  plate  at  this  region,  and  to  the  fact  that  much  of  the 
light  is  lost  at  the  slit,  for  a  later  negative  showed  a  very  faint  band  at 
XS007  when  the  slit  was  properly  focused  for  this  light  and  an  isochro- 
matic  plate  used.  It  may  be  concluded,  however,  that  with  this  excep- 
tion the  star  showed  no  certain  traces  of  the  so  called  "nebular"  lines 
in  the  early  part  of  April. 

The  positions  of  the  bands  are  interesting.  The  strong  band 
between  H^  and  /Ta  has  its  maximum  iS  tenth-meters  to  the  violet  of 
what  we  may  call  the  corresponding  band  in  the  July  spectrum  of  Nova 
Persei.  The  band  corresponding  to  H^  has  its  maximum  on  the  other 
hand  17  tenth-meters  to  the  red  of  the  position  of  the  hydrogen  line. 
Hartmann'  states  that  on  March  31  the  middle  of  the  B fi  a.nd.  Hy 
bands  were  both  displaced  8  Angstrom  units  toward  the  red  from  the 
positions  of  the  corresponding  hydrogen  lines.  Our  plate  shows  no 
such  displacement;  H^  appears  only  i  3^  and  Hy  about  j4  oi  a  tenth- 
meter  too  far  to  the  red,  and  these  amounts  are  hardly  greater  than 
the  probable  error.  The  discordance  between  Hartmann's  results 
and  ours  may  be  explained,  of  course,  by  a  real  change  in  the  spec- 
trum between  March  31  and  April  2;  but  more  probably  it  is  due  to 
the  fact  that  Hartmann's  plate  was  underexposed.  The  limits  he 
assigns  to  the  bands  fall  well  within  ours  in  each  case,  and  in  each  of 
the  bands  the  more  intense  part  is  toward  the  red  of  the  middle. 
These  two  facts  would  certainly  tend  to  make  the  middle  of  the  band 
appear  more  to  the  red  on  his  plate  than  on  ours. 

Messrs.  Frost  and  Adams,  discussing  a  plate  taken  March  28° 
describe  Ify  as  a  very  faint  band  merging  into  a  brighter  band 
which  extends  from  X4347  to  A. 4371.  As  indicated  in  Figs.  4 
and  s,  our  plate  shows  some  evidence  of  a  composite  character 
in  what  we  have  called  the  Hy  band,  with  much  greater  intensity  near 
the  red  border  than  near  the  violet ;  but,  as  noted  above,  the  middle 
of  the  whole  band  coincides  very  closely  with  the  normal  position  for 
Ify,  so  that  we  have  thought  it  best  to  speak  of  it  as  a  single  band 
showing  considerable  detail  in  structure.  In  any  case,  however,  the 
limit  X4371  falls  outside  the  limits  of  the  band  on  our  plate,  in  spite 
of  the  fact  that  this  part  of  the  spectrum  is  doubtless  much  stronger  on 
our  plate  than  on  theirs.  There  seems  to  be  some  evidence,  therefore, 
of  a  perceptible  change  in  the  Jly  region  between  March  28  and 
April  2. 

^  Astronomisc/ie  Nachrichten^  161,  324,  1903. 
'AsTROPiivsiCAL  Journal,  17,  304,  1903. 
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A  second  photograph  of  the  same  range  of  spectrum  was  taken 
April  22.  It  is  reproduced  in  Fig.  6,  with  the  corresponding  intensity 
curve  shown  in  Fig.  7.  Table  II  gives  a  description  of  the  details. 
As  in  the  case  of  the  earlier  negative,  many  of  the  details  plotted  in 
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Fig.  7  and  tabulated  in  Table  II  may  be  false  effects  due  to  chance 
grouping  of  the  silver  grains,  though  in  each  case  the  plate  was 
measured  under  low  magnification  to  avoid  as  far  as  possible  errors  of 
this  kind. 

TABLE  II. 


April  M 
K^^^^  D 

Description 

3959 

Beginning  of  very  faint  continuous  speclrum 

3982 

Very  faint  maximum 

4021 

Beginning  of  faint  part  of  band 

4046 

Maximum 

4052 

-Minimum 

407S 

Suspect  a  minimum 

40S0 

.Maximum 

4082. 1 

Minimum 

4084 

Maximum 

4086 . 9 

.Minimum 

i-  tn  band 

4090 

.Maximum 

4093.0 

Minimum 

4095 

Maximum 

4107 

Very  broad  minimum 

41 16 

Broad  maximum 

4126 

Knd  of  brighter  part 

4145 

End  of  fainter  part 

4322 

Beginning  of  bright  band 

-) 

4326 

Maximum 

4329 -4 

.Minimum 

4334 

Maximum 

4337-3 

Minimum 

4341 

Maximum 

4342.4 

.Minimum 

-  //7  band 

4.346 

Maximum 

4348.9 

.Minimum 

4352 

Maximum 

4355-2 

Minimum 

4358 

Maximum 

4.^64 

End  of  main  part  of  band                '' 

4378 

Faint  broad  maximum 

4382 

End  of  stronger  part  of 

auxiliaiy  band    [ 

4392 

Suspect  very  faint  maximum                         1 

4454 

Beginning    |    ^,         ^^^^^ 
Maximum     y       ,         ^  , 
End              )       f™'"  ^  4 

band  in   continuous  spectrum 

,  extending 

4536 
4557 

392  to  X4584 

4584 

Beginning 

4630 

Broad  maximum 

4642 

Broad   minimum 

Broad  strong  band 

4656 

Broad  maximum 

4714 

End 

4838 

Beginning                      "j 

4843 

Suspect   a  minimum      1 

///3  band 

4877 

Suspect  a  minimum      [ 

4884 

End                                 J 
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Even  a  casual  examination  showed  that  pronounced  changes  had 
taken  place  in  some  of  the  bands.  In  regard  to  the  Hji  band  little 
can  be  said,  for  it  is  too  weak  on  both  plates  to  be  sure  of  much 
structural  detail.  The  middle  of  the  strong  band  between  Hfi  and 
Hy  had  been  moved  about  17  tenth-meters  to  the  red,  making  it  more 
nearly  coincide  with  the  band  observed  at  about  this  place  in  Nova 
Persci  in  the  summer  of  190 1.  It  was  certainly  changed  in  detail  also, 
for  it  showed  two  pronounced  broad  maxima  on  the  later  plate,  as 
against  one  such  maximum  and  two  or  three  suspected  narrow  maxima 
on    the    earlier  date.     The  faint  band  to  the  violet  of  this  was  also 


April   5        1 
2718  D        2 

Ipril  6         A 
722  B       27 

pri 
31 

< 
^                                                        Description 

4838           4 

836 

Beginning  of  liand 

4843 

Dark  line. ■" 

4852 

.Slight  maximum 

4859.7     4 

859-9       ■ 

Minimum  (or  dark  line?l 

4866          4 

865 

Slight  maximum 

^  Ih  band 

4870 

Slight  minimum  or  dark  line 

4874 

Slight  minimum  or  dark  line 

4877         A 

S78 

.Maximum  of  hand.    Exact  position  uncertain 

4886         4 


886 
987 

End  of  hand 

First  trace  of  veiv  faint  hand   l 

015 
022 

Beginnmg  of  second  por'aon    1 

030 

5 

40 

End  of  band                                J 
5        First  certain  trace  of  continuous  spectrum    ~ 

5 

48 

3        Very  slight  maximum 

5 

49 

3        Well  defined  minimum 

5 

51 

6        Slight  maximum  suspected 

5 

52 

7         Minimum? 

5 

55 

7        Maximum  of  hand 

5 

57 

t)        .Slight  minimum 

5 

58 

9        Slight  maxinnim                                                  J 

5 

63 

4        Faintest  portion  between  liands 

5 

65 

3        Dark  line  suspected.     May  he  chance 
arrangement  of  silver  grains 

5 

67 

1         Maximum  of  hand 

5 

67 

8        Minimum 

5 

68 

7        Maximum 

5 

70 

0         F^nd  of  brighter  portion  of  hand 

5 
5 
5 
5 
5 

70 
72 
73 
74 
75 

8  End  of  band 

7        Beginning  of  hand                                             , 

9  Maximum  of  hand 
6        Slight  maximum? 
S        .Slight  maximum? 

5 

76 

f)        Slight  maximum? 

5 
5 

76 
77 

7        Rather  well  marked  minimum 
1        End  of  band 
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changed,  becoming  much  broader  and  displaced  much  more  toward 
the  red.  This  band  is  so  faint  and  broad  that  determinations  of  its 
limits  and  of  the  position  of  the  maximum  are  uncertain.  The  faint 
band  near  7/c  appeared  relatively  still  fainter  than  on  the  earlier  plate, 
with  the  maximum  perhaps  more  toward  the  violet ;  that  is,  more 
nearly  coincident  with  He..  The  //8  band  showed  some  changes  in 
structure,  as  indicated  in  the  intensity-diagrams,  and  also  a  faint 
companion  band  to  the  violet. 

The  most  striking  change,  however,  was  in  the  Hy  band,  which 
showed  a  fairly  strong  companion  band  to  the  red.  We  at  once  sus- 
pected that  this  was  the  first  appearance  of  the  nebular  line  A.  4363, 
but  the  measurements  locate  it  too  far  to  the  red  of  the  proper  posi- 
tion of  that  line.  Still  it  is  not  impossible  that  the  whole  complex 
band  is  due  to  radiations  physically  connected  with  the  nebular  line 
and  the  hydrogen  Hy.  No  further  discussion  of  this  plate  seems 
necessary,  except  to  saj'  that  the  Hy  band  seems  to  have  grown  fainter 
with  respect  to  the  Hh  and  the  X4643  bands. 

A  third  plate  of  the  same  region  was  obtained  on  May  4.  Unfor- 
tunately, the  star  was  by  this  time  so  far  west  at  dark  that  the  exposure 
was  necessarily  rather  short,  so  that  the  negative  is  weak  in  spite  of  a 
somewhat  wider  slit  than  was  used  in  the  other  cases.  So  far  as  it 
goes,  however,  it  seems  to  show  that  no  perceptible  change  had 
occurred  since  April  22. 

Table  III  gives  the  results  for  the  plates  taken  in  the  Hfi  and  the 
D  regions.  These  plates  are  Nos.  2718/),  2722.5,  and  2731^.  The 
comparison  lines  used  are  iron  and  helium.  In  the  plates  for  April  6 
and  April  8  there  is  evidence  of  slight  flexure  due  to  the  necessity  for 
carrying  the  exposures  to  so  large  an  hour  angle.  On  all  these  plates 
the  bands  show  little  certain  evidences  of  structure,  and  some  of  the 
details  plotted  in  the  intensity  curves  may  well  be  due  to  a  fortuitous 
grouping  of  silver  grains.  Plates  2718Z'  and  2722/?  show  also  traces 
of  the  band  at  X  4643,  but  as  this  band  is  well  seen  on  other  plates,  no 
attempt  has  been  made  to  study  its  details  on  these  plates.  No  trace 
is  seen  on  Plate  2731^  of  any  band  at  D,  or  beyond. 

A  comparison  of  these  plates  with  those  of  similar  regions  of  A^ova 
Persei  taken  in  July  and  August  1901,  is  rendered  somewhat  difficult, 
as  far  as  the  more  minute  details  are  concerned,  by  the  comparatively 
diffuse  and  uncertain  character  of  the  structural  details  seen  in  the 
Nova  Geminoriim  plates.  In  the  case  of  Hfi  the  maximum  intensity  is 
very  clearly  at  the  red  edge  of  the  band  (A  4878),  while  in  Nova  Persei 
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it  lies  at  the  violet  edge  (X 485 2).  A  very  slight  maximum  is,  how- 
ever, to  be  seen  at  about  X4852  in  the  plate  of  x\pril  5.  In  the  region 
from  A.  5400-X  5800  the  similarity  in  general  detail  is  more  marked, 
but  the  band  at  A.  5671  is  relativelv  much  brighter  in  Nova  Geminorum 
than  in  Nova  Persei  on  August  11,  1901.  The  most  striking  differ- 
ences in  this  portion  of  the  spectrum  are  the  faintness  of  the  band  at 
A.  5007  and  the  apparent  lack  of  any  band  at  D,.  \  5007  was  relatively 
faint  in  Nova  Persei  in  February  and  March  1 901,  but  in  July  and 
August  was  very  much  brighter  than  any  of  the  bands  between  it  and 
D3.  In  Nova  Geminorum  it  appears  as  a  mere  trace  on  one  plate 
only,  and  in  neither  plate  is  there  a  trace  of  the  band  at  X495g.  Too 
much  reliance  cannot  be  placed  on  the  apparent  absence  of  a  band  at 
D3,  on  account  both  of  the  faintness  of  the  star  and  of  the  fact  that 
the  curve  of  sensitiveness  of  the  plates  used  changes  very  rapidly  at 
this  point. 

Figs.  8  and  9  give  a  view  of  the  region  covered  in  Plate  2731,4 
and  the  corresponding  intensity  curve.  Fig.  10  shows  the  H^  band 
and  the  extremely  faint  trace  of  A.  5007.  Figs.  11  and  12  give  the 
intensity  curves  for  Plates  27182?  and  2722.5. 

It  will  be  seen  from  Table  III  that  in  the  plates  for  April  5  and 
April  6  there  is  a  suspected  dark  line  at  approximately  A  4860.  The 
mean  corrected  shift  of  this  line,  if  real,  is  1.7  t.  m.,  corresponding  to 
a  velocity  of  —105  km  per  second.  The  observed  appearance  is  too 
faint,  however,  to  warrant  placing  much  reliance  upon  the  velocity 
thus  obtained. 

The  spectrum  was  tested  on  .\pril  4  for  evidences  of  Zeeman  effects, 
by  rotating  a  Nicol  prism  in  the  eyepiece  of  the  spectroscope.  The 
forms  of  the  broad  bright  bands  appeared  to  remain  unchanged  in  all 
positions  of  the  prism.  The  same  tests  applied  to  Nova  Persei  in 
April  1901,  gave  similar  results. 


H.  M.  Reese. 
H.  D.  Curtis. 


M.-vY  9,  1903. 


A    LIST    OF    FIVE    STARS    WHOSE    VELOCITIES    IN    THE 
LINE  OF  SIGHT  ARE  VARIABLE.' 

The  following  five  stars  with  variable  radial  velocities,  discovered 
with  the  Mills  spectrograph,  are  additional  to  the  forty-two  already 

^ Lick  Observatory  Bulletin  No.  46. 


I'LATE    XII. 


Fic.  8. — -Nova  Geniinornm,  Region  near  D,  enlarged   ninefulcl.     IQ03,  April   S. 


¥\\:.  q. — A^ova  Gemhioriim,  Region  near  D,  Intensity  Curve.     1903,  .\pril   8. 


i  l\\ 


Krc.    10. — Xova   Geiniiioriim,   II ji  ami   X   5007.      1003.   .April   S 


r\i 


S  S 


"frr 


*  ^ 


I'lC.      12. 

Kics.  II  and  \z.-    Xova  Ctniiiiortiiii,  Intensilv  Curves  for  II  ft  Keuiciii.      1003,  .\pril  5  and  6. 
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announced.     A  number  of  the  photographs  and  one  of  the  measures 
on  which  these  results  depend  are  by  Dr.  Reese. 

7  Corvi  [a  —  I2h  10^7  ;   5  =  —  16°  59'). 


Date 

Velocity 

Measured  by 

1902,  December  30 

1903,  February    23 
May       '        6 
May             II 
May             17 

+  2  km 
0 

—  20 

-  6 

+  4 

Curtis 
Curtis 
Curtis 
Curtis 
Curtis 

The  variation  was  discovered  from  the  third  plate.  The  line  at 
//y  is  very  fair  with  proper  exposure;  those  due  to  helium  and  mag- 
nesium are  good. 

t;  Virginis  (a  =  12''  14'^ S  ;  5  =  —  0°  6  ). 


Date 

Velocity 

Measured  by 

1903,  May  17 
May  24 

+  17  km 
+    4 

Curtis 
Curtis 

Ily  is  fair  and  A4481  good.     There  are  in  addition  scattered  iron 
lines,  narrow  and  quite  good. 

o  Draconis  (o  =  I4l>  I7'7  ;  5  =  +  ^4'  5 ■    )• 


Date 

Velocity 

Measured  by 

1902,  June   16 

1903,  April  29 
May  24 

(  ±  okm 

1+    2 
-43 
-42 

Stebbins 
Curtis 
Curtis 
Curtis 

The  variable  velocity  was  discovered  from  the  second  plate.  The 
measures  depend  on  two  lines  only,  a  rather  broad  Hy  and  a  strong 
magnesium. 

e  Herculis  (a=  i 'h  56m5 ;  h  —  -\-->,o'  4 ' ). 


Date 

Velocity 

Measured  by 

1903,  May  24 
May  27 

—  70  km 

-34 

Curtis 
Curtis 
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In  this  star  Hy  is  very  broad;  the  magnesium  line  a  X4481  is  also 
rather  broad.     The  measures  depend  on  the  magnesium  line  alone. 

5  Aquilae  (o  =  igh  20';>5;  5=  +  2°  55')- 


Date 

Velocity 

Measured  by 

1900,  May  22 

1902,  July    31 

1903,  May   12 
May  27 

—  25  km 

-35 

—  2 
-32 

Curtis 
Keese 
Curtis 
Curtis 

The  iron  lines  are  diffuse  and  broad;  both  Hy  and  A. 4481  are 
broad  and  hard  to  measure.  Tha  first  plate  is  a  very  poor  one  and 
the  given  velocity  can  be  considered  only  as  an  approximation. 

W.  W.  Campbell. 
Heber  D.  Curtis. 
June  ii,  1903. 
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THE  VARIABLE  STAR   1921    IV  AURIGAE. 

By   J.    A.    P  A  R  KHU  RST. 

The  variability  of  this  star  was  discovered  by  Madame 
Ceraski  from  photographs  taken  by  Rlajko  at  the  Moscow 
Observatory.'  It  was  found  to  be  8.9  magnitude  (evidently  near 
maximum)  in  March  and  April  1898,  but  in  October  of  the  same 
year  it  was  invisible  in  a  "7-foot"  telescope.  Blajko-  has  pub- 
lished a  summary  of  photographic  and  visual  observations  from 
1895  to  1900,  deducing  from  them  a  period  of  0.75  year.  In 
column  295  of  this  summary  the  minimum  attributed  to  the 
writer  should  read  maximum.  Hartwig^  has  published  a  note 
on  the  place  of  the  variable,  but  his  conclusion  in  regard  to  the 
period,  "somewhat  greater  than  a  year,"  is  not  in  accord  with  the 
results  of  this  paper.  Esch''  has  published  a  note  containing  a 
few  observations  in  February  and  March  1902,  which  are  in  good 
agreement  with  the  light-curve  shown  in  Fig.  2.  Provisional 
results  from  the  observations  of  1898  to  1900  have  been  pub- 
lished by  the  writer, '  with  charts  and  approximate  magnitudes  of 
the  comparison  stars. 

' Astronomische  Nachrichlen,  148,  15,  1898.  ^ //nd.,T^g,  b,  iSgg. 

'Ibid.,  153,  295,  1900.  *  Ibid.,  160,  335,  1902. 

s.-^STROPHYSICAL  Journal,  12,  54,  1900 ;    14.    171,    lt)0\\  Astronomical  Journal, 
20,  6,  1899;  Popular  Astronomy,  7,  43,  1899;  8,  461,  1900. 
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POSITION    OF    THE    VARIABLE. 

The  variable  was  connected  on  three  nights  with  the  star  c, 
which  is  />.£). +  36'' 1 141,  and  whose  place  is: 

R.  A.  Dec. 

h      m  s 

From  the  Lund  ^ .  6^.  Catalogue      5  ig  00.47  +36"   43'  28^7  (1875) 

5  20  41.84  +36     44  56.1   (1900) 

Difference,  z/ar/aW^—c  -o  33.28  -3  56. S 

Place  of  the  I'arza^/f                           5  20  08.56  +36     48  52.9  (1900) 

As  the  last  decimal  place  should  be  discarded,  the  result  can 
be  stated : 

h     m  s 

IQ2I  W Aurigae  »5   20  08.6         +36"   48'    53'   (1900) 

5    17  06.0         +36     46     II     (1855) 

This  place  agrees  closely  with  that  giv-en  by  Hartwig  in  the 
.  reference  above  cited. 

INSTRUMENTS. 

These  are  the  same  as  described  in  the  two  preceding  papers 
of  this  series,'  a  157mm  (6.2-inch)  reflector,  a  305  mm  (  i  2-inch) 
refractor,  and  the  lOicm  (40-inch)  refractor,  the  equalizing 
wedge  photometer  used  in  the  photometric  work  being  attached 
to  each  of  these  instruments.  In  the  photometric  measures  of 
the  brighter  standard  stars  with  the  1 2-inch  telescope  an  absorp- 
tion glass  was  interposed  in  the  cone  of  rays  from  the  objective. 
The  adopted  value  of  the  absorption,  1.70  magnitudes,  depends 
upon  a  series  of  laboratory  measures  and  also  on  measures 
of  Pleiades  stars,  but  further  measures  may  change  it  a  few 
hundredths  of  a  magnitude. 

THE    CHART. 

Plate  XIII  shows  the  field  18'  X  24'  around  the  variable,  on  a 
scale  of  10"  to  the  millimeter.  The  negative  was  taken  with  the 
24-inch  reflector  January  11,  1902,  exposure  from  6'' o""  to  6'' 55"", 
Central  Standard  Time,  and  shows  stars  to  the  sixteenth  mag- 
nitude distinctly;  but  as  the  fainter  stars  were  not  used  in  the 
comparisons,  the  print  for  the  cut  was  made  to  show  stars  only 

■"The  Variable  Star  X  Cephei"  Astrophysic.m.  Journal,  17,  48,  1903  ;  "The 
Variable  Star  V Lyrae,"  ibid.,  18,  33,  1903. 
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to  the  fifteenth  magnitude.  The  strong  color  of  the  variable  is 
shown  by  the  fact  that  the  photographic  magnitude  is  about 
10.9,  the  diameter  of  the  disk  being  between  that  of  _f  and  I. 
The  light-curve  shows  that  the  variable  was  near  maximum, 
probably  about  9.5  magnitude  visually  at  this  time. 

COMP.^RISON    STARS. 

The  three  standard  stars  on  which  are  based  the  measures  of 
the  comparison  stars  are  as  follows  : 

TABLE  I. 


B.  D. 

Magnitudes 

Star 

No. 

Mag. 

Position  fob  1855 

Potsdam 

Har- 
vard 45 

R.  A. 

Dec. 

Color 

Mag. 

Mag. 

A 

B.... 
C... 

+37°    "60 
+36     1 1 22 
+36     H13 

7.2 

6.8 
6.8 

h    m         s 
5   12  42.0 
S    14  59-4 
5    14     5-7 

+37'  31 '8 
+36       3-6 
+36     I5-I 

GW- 

G- 
GW 

7.63 
6.60 
6.98 

7-39 
6.74 
6.90 

Mean 

7.07 

7.01 

Of  the   stars  used   for  visual   comparisons  with   the   variable, 
the  following  are  in  the  Durchmusterung : 


Star 

No. 

1855 

R.  A. 

Dec. 

e 

s 

a 

c 

b 

m' 

0' 

+36''ii33 
+36   "34 
+36  1 1 38 
+36  1 141 
+36-  "45 
+36  "47 
+37  1200 

9 
9 
9 
8 
9 
9 
8 

5 
5 
5 
9 
2 
2 

5 

h      m          s 
5       16      22.6 

5     16     30-4 
5     16     35-8 
5     17     40.0 
5     18     13.9 
■;     18     19.2 
5     18     23.5 

+36°   49-9 
+36     42.9 
+36     50.3 
+36     42.6 
+36     58.1 
+36     53-2 
+37       6.2 

The  date  for  the  remaining  comparison  stars  are  given  in  the 
following  table: 
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TABLE    III. 

COMPARISON   STARS   FOR    W  AURICAE. 

(IN    ORDER    OF    RIGHT   ASCENSION.) 


-47 
-43 
-42 
-38 
-34 
-3° 
-26 
-26 

-  7 

-  7 

-  5 

-  4 


+5'  42' 

+3  48 

-0  57 

+2  28 

-3  5 

+3  19 

+0  26 

-0  43 

+1  46 

+3  50 

+0  56 

+0  56 

+5  20 

— o  56 

-I  8 


33-8 
20.4 

31-3 
33-3 
19-3 
■  8.3 
21 .9 
29.2 
17. 1 
15-5 
22.9 
0.0 
2.3 


II  .60 
10.79 
12.42 
12.63 


14.  12 

14-34 


10 
II 

10 

12 
12 

0 

93 

35 

10 
26 

II 

62 

Co-ordinates 


+  2 
+  4 
+  4 

+  4 
+  7 
+  8 
+  8 
+  9 
+  12 
+16 
+  :9 
+20 
+29 
+33 
+73 
+77 


+  0 

+  I 

+  2 

+  o 


+  2 
-  3 
+  7 
+20 


steps 

25 

9 

4-9 
3 
8 
7 
3 
9 


10.94 
13-58 
14.25 


14-13 

13-39 
n.17 


9-58 


11.73 
11.89 
II  .67 
10.73 

9-37 
8.70 


TABLE    IV. 

PHOTOMETRIC    MEASURES    OF    COMPARISON    STARS. 

1902,  January  24  ;   1 2- inch.  Wedge  V,  seeing  good,  full  Moon. 


Star 

Scale  Readings 

Mean  Scale 
Reading 

Magnitude 

First 

Second 

Aa 

Ca 

B„  .... 

a 

g 

k 

k 

/ 

V 

23.7  24.2       23.3 
15.3        15.0        16.0 
14.5        13.2        13.8 

34.1  35.0       35.0 

37.8  39.2       38.2 
43.3       42.0       41-3 

38.2  38.9     39-1 
38.2      38.2      37.0 
29.5      28.8     28.7 

23.8       23.0       23.0 
15.0       15.8       15.8 
13.2         I  I  . 2         12.2 

35-2      33-4      3S-0 
34.8      34.2      34.0 
42.2      42.2      43.2 
39-8      39.1      39.9 
40.2      39.7      40.8 

23  -  SO 
15-48 
13.02 

34-45 
36-37 
42  -  37 
39-17 
39.02 
29.00 

7-63 
6.98 
6.60 

10.66 
10.87 
11.54 
11.18 
II. 17 
9-95 

Wedge  constant,  0 . 1 10  mag. 
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1902,  February  7;   12  inch. 

Wedge  V 

seeing  good. 

Star 

Scale  Readings 

Mean  Scale 
Reading 

Magnitude 

First 

Second 

Aa 

Ca 

Ba.... 

a 

e 

h 

k 

/ 

18.8        17.5        17.8 

12.0  12.8        13.2 
9.2        10.7        10.2 

27.7       27.4       26.2 

32.1  32.2       32.2 

37-0      39  4      39-0 
34-5      33-7      34-0 
32.1      31. 1      31.0 

18.37 
12.67 
10.03 

27.10 
32-17 
38-47 
34-07 
31-40 

7-63 
6.98 
6.60 

10.25 
10. 80 

11 .50 

11.01 

10.72 

Wedge  constant,  0.  no  mag. 


1903,  January  I;   12-inch. 


Wedge  V,  seeing  good. 


A.. 
Ba 

C  . 
Ca 

a . . 
S- 
h.. 
k.. 
I .. 


4-1 
23.1 


44-5 
49-4 
48.0 
45-8 


12 

8 

19 

8 

4 

7; 

22 

o\ 

38 

8 

43 

I 

SI 

4 

47 

8 

45 

3 

37-2 
38.8 
50.1 
45-9 
43-0 


37-3 
42.8 
49-9 
46. 1 
42.3 


37-7 
4'-7 
50.0 
45-3 
42.8 


13-17 
20.00 


37-80 
42  -  32 
50.62 
46.72 
44.00 


7-63 
5.60 

6. 98 

10.35 
10.85 
11.76 
11-33 
11.03 


Wedge  constant,  0. 1 10  mag. 


1903,  March  2I;  6-inch 


Wedge  V,  seeing  fair. 


Wedge  constant,  0.  no  mag. 


1903,  March  22,  6-inch. 


Wedge  V,  seeing  good. 


Wedge  constant,  o.no  mag. 
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TABLE  \\ .—Continued. 
RESULTING     MAGNITUDES,    FROM     MEASURES    WITH    6-    AND     12-INCH. 


,902 

January  24 

1902 
February  7 

1903 
March  I 

1903 
March  21 

1903 
March  22 

Means 

e 

a 

1 0 .  66 
11.54 
10.87 
II. 18 
II. 17 

10.25 
11.50 
10.80 
II  .01 
10.72 

10.35 

I  I  .76 
10.85 

"•33 

II  .03 

10.41 

9 
9 

58 
97 

9.58 
10-35 

e 

/ 

10 

64 

10.79 
II. 17 
10.94 

1900,  October  23;  40-inch. 

Wedge  II,  seeing  fair. 

Scale  Readings 

Mean  Scale 
Reading 

Magnitl-de 

First                                          Second 

k 

h 

e 

/ 

7 

^ 

e 

M 

e 

■n 

X 

y 

5 

V 

15.9       16.7       17.2 

21.0  19.9       21.8 
13.2        15.0        15.9 

17. 1  17. 8      17.0 

40.2  41. 1      39-9 

46.7  46.4      42.8 

40.8  39.5      .38-0 

42.7  40.9      40.0 
38.2      371      361 

43.8  46.0      44.2 
42-5      43-7      43-4 
30.0      29.4      30.1 
25.2      28.8      25.8 

32.9  31.0      31-0 

34.2      33.0      31.5 

19.0      17.9      16.8 
21.9      22.7      22.0 
14.0      15.5      14.0 

19.8  19.2      19.9 

37-3      37-9      37-5 
39.3      41.8      41. 1 

38.9  38.2      370 
42.2      44.1      42.8 
34-5     35-0     35-0 
45.9      46.4      45.0 

41.8  43-5      41-0 
30.0      31.8      32.1 
28. 0      27.0      26.0 

29.9  32.0      31.2 

34.0     31.9      33.9 

17.25 
21-55 
14.60 
18.47 

38.98 
43.02 

38-73 
42.  12 
35.98 
45-22 
42-65 
30-58 
26.80 
31-33 

33-09 

II. 17 
11.60 
10.79 
10.94 

13-63 

14.21 
13-60 
I4-06 

13-24 

14-44 
14. II 
12.54 
12.05 
12.64 

12.79 

Wedge  constant,  0.130  mag. 


1902,  February  4;  40-inch. 


Wedge  V,  seeing  good. 


k 
I 
/(, 
g' 

M 

e 

c 
7 


10. 8 
26.6 
18.3 

,30-3 
37-7 
37-8 
30.5 
37-3 
33-6 

20. 9 
22.0 


II-3 
28. 3 
19. 9 

31.0 
38.7 
38-4 
316 
38-0 
32-6 
22.0 
21.0 


II  .  I 
26.1 
18.9 

310 

37-3 
38-6 
31-3 
38-3 
32-3 
23-O 
20-8 


10 

50 

1 1 

'5 

27 

00 

19 

03 

30 

77 

37 

90 

38 

27 

31 

13 

37 

87 

32 

S3 

21 

97 

21 

27 

H-I7 
10.94 
11.60 

10.79 
13-47 

14.26 

1 1  -  30 
13-51 

14.26 

13-70 
12.51 
12.43 


Wedge  constant,  0. 1 10  mag. 
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1902,  February  6;  40-inch. 


Wedge  V,  seeing  fair. 


Scale  Readings 


ha 
ka 
la 

y- 

X . 

y- 

a. 
0. 


35-2  35- 
27.5  26. 
29.4  29. 


27.8 
29.1 
35-2 
42.0 
36-5 
40.5 
34-0 
41.2 


29.0 
28.6 
35-8 
42.0 
36.0 
40.0 
34-2 
43-0 


29-3 

28. 2 
29.1 
36.8 
42-3 
35-5 
39-5 
35-2 
41.8 


33-8 
28.0 


34-35 
26.60 
28.37 

28.33 
28.93 
35-93 
42. 10 
36.00 
40.00 
34-47 
42.00 


11.60 
II. 17 
10.94 

12.78 
12.85 
13.62 
14-30 
.13-63 
14.07 
13-45 
14.29 


Wedge  constant,  O.I  10  mag. 


RESULTING    M.\GNITUDES,    FROM    ME.^SURES    WITH    40-L\-CH. 


.goo 

1902 

1902 

Means 

October  23 

February  4 

February  6 

X 

12.55 

12.51 

12.85 

12-63 

y 

12.05 

12.43 

12.78 

12.42 

13-63 

13-70 

13-63 

13-65 

P 

1 3 .  60 

13-51 

13.62 

13.58 

y 

14.20 

14.26 

14.30 

14.25 

8 

12.65 

12.65 

e 

14.44 

14.30 

14.29 

14.34 

e 

14.06 

14.26 

14.14 

14-13 

V 

14. 12 

14-12 

/tt 

13-26 

12.47 

13-45 

13-39 

The  photome'Lric  measures  of  the  comparison  stars  are  given 
in  Table  IV,  which  is  arranged  similarly  to  the  corresponding 
table  in  the  two  previous  papers.  The  stars  used  as  standards 
are  given  first  with  their  magnitutlcs  in  bold-faced  type.  The 
magnitudes  for  A,  B,  and  C  are  taken  from  Table  I,  using  the 
Potsdam  values;  to  reduce  to  the  Harvard  scale  subtract  0.06 
from  the  numerical  magnitude.  The  values  for  the  fainter 
standards,  lettered  froin  a  to  /,  are  taken  from  the  part  of  Table 
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TABLE  V. 

ig2l    W  Aurigae. 

(Comparisons  of  the  Variable  by  Argelander's  Method.) 


Date 

u 

No. 

< 

^ 

3 

Month 

Day 

Hour 

Julian  Day 

< 

G.  M.T. 

1898 

C.S.T. 

2410000+ 

I 

Dec. 

10 

6 

4634-5| 

40 
80 

6 
6 

0'  6,  v,c  2  v,v  \  a 
c  I  V,  V  1  a 

2 

12 

18 

46370 

40 

6 

c  0-1  V,  V  2  a 

3 

13 

7 

4637-5 

40 

6 

m'  2  v,v  c,v  I  6 

4 

IS 

8 

4639.6 

40 

6 

m'  1  v,v  2  i,v  0-1  c 

S 

17 

W 

4641.5 

*o 

6 

m'  1  v,v  c,  y-3-4  a 

?8 

4641 .6 

80 

6 

V  l.c 

6 

22 

6 

4646.5 

40 

6 

V  2  b,  m'  0-1  V,  V  1  c,  V  4  a 

7 

26 

8 

4650.6 

40 

6 

V  2  c,  V  m' ,0  S  V 

8 

28 

8 

4652.6 

80 

6 

C  O-I    T 

9 

1899 

30 

7 

4654-5 

40 

6 

C  I    V 

10 

Jan. 

5 

6 

4660.5 

40 

6 

V  O-I  c 

II 

10 

7 

4665.5! 

150 
40 

6 
6 

c  2-3  V,  V  3-4  a 
c  1-2  V,  V  3  a 

13 

18 

7 

4673-5  1 

150 
40 

6 
6 

c  4  V,  V  1  a 
civ,z,o-la 

14 

24 

7 

4679-5  1 

40 
150 

6 
6 

c  4  V,  a  2  V 

c  4-5  v,a  2  v,v  s,v  3-4  g 

15 

28 

7 

4683-5 

150 

6 

c  iy  V,  a2  V,  s  1  v,v  T,  g 

i6 

Feb. 

I 

7 

4687.5 

150 

6 

a  4  V,  e  4  V,  s  2  V,  V  2  g,  V  ^  I 

17 

15 

7 

4701.5 

150 

6 

ssv,g2-ivjl  I/,  1/0-1-6,1' 4-5 A 

i8 

28 

8 

4714.6 

150 

6 

A  1-2  v,v  2  n,  V  ■^  y 

19 

Mar. 

6 

8 

4720.6 

150 

6 

h  2  v,v  2  y 

20 

13 

8 

4727-6 

150 

6 

n  2-3  v,v  2  y,  A  4  V 

21 

28 

8 

4742.6 

150 

6 

J'2-3  V 

22 

Apr. 

4 

8 

4749-6 

200 

6 

y  1-2  JT,  jr  2  z/ 

23 

12 

8 

4757-6 

150 

6 

V  not  seen 

24 

28 

8 

4773-6 

150 

6 

V  not  seen 

25 

May 

4 

s 

t770.6 

150 

6 

V  not  seen 

26 

Oct. 

30 

V 

■  ,-.6$ 

40 

6 

a  1  v,v  2  s,v  2-3  g 

\ 

150 

6 

a  o-l  V,  V  2  s,  V  3  g 

27 

Nov. 

•      4 

i 

+.UJ.6 

ISO 

6 

alv,  VIS,  v^g 

28 

20 

7 

4979-5 

150 

6 

g  3  V,  V  2  I 

29 

26 

7 

4985-5 

150 

6 

g  S  V,  /o-l  z/,  2"  1-2  /4 

30 

Dec. 

5 

7 

4994-5 

150 

6 

1 3  V,  A  1  V,  V  1  n,  V  4  y 

31 

!9 

7 

5008.5 

150 

6 

h  2-3  v,v  1  n 

32 

igoo 

28 

7 

5017.5 

150 

6 

h  i>  vi.,v  Q-\  n,v  y,v  1  X 

33 

Jan. 

4 

7 

5024.5 

200 

6 

y  1-2  v,v  1  X 

34 

8 

6 

5028.5 

350 

40 

y  2  V,  V  1  X 

35 

25 

8 

5045.6 

175 

12 

X  5-6  V 

36 

26 

10 

5046.7 

350 

40 

(  X  2-3  V,  V  2-3  P 

(  ^  0,  0  4  7,  7  4  c,  c  2  1J 

37 

Keb. 

4 

II 

5055-7 

350 

40 

5  X  3-4  V,  V  3-4  0 

(  X  5  0,  0  2  ft  ^  6  7,  7  I  e,  e  2  7; 

THE  VARIABLE  STAR   W  AURIGAE 
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ig2i   \V  Aurigae. 

(Reduction  of  Observations.) 


Means 

No. 

Details  in  Steps 

Cpp.jjf- 

Remarks 

Steps 

Magni- 
tudes 

I 

$  38-9,  35-2,  34-3                / 
\  36.2,  34.3                         s 

35-7 

9-74 

good 

2 

36  7,  35-3 

36.0 

9.68 

fair,  faint  twilight 

3 

36.4,  37.2,  36.6 

36-7 

9.59 

good 

4 

37-4.  37-6,  37.7 

37-5 

9.46 

good 

5 

(  37.4,  37-2,  36«                \ 
( 38-2                           3 

37-6 

9.64 

good.  Moon 

6 

37-6.  37-9,  38-2,  37-3 

37-2 

9.50 

good.  Moon 

7 

39.2,  38.4,  37.9 

38.5 

9-32 

good.  Moon 

8 

36.7 

36.7 

9-59 

poor 

9 

36.2 

36.2 

9.67 

fair 

10 

37-7 

37-7 

9-43 

fair  to  poor 

II 

(  34-7,  36.8                         I 
\  35-7.  363                         S 

35-6 

9-75 

good 

13 

{  33-7.  34-3                         / 
\  34.2,  33.8                      s 

34-0 

9-97 

good 

14 

\  33-2,  31-3                         } 
1  32.7- 31-3.  3i-3>  32-7       5 

32.0 

10.27 

good.  Moon 

15 

31.2,  31.3,  30.3,  32.2 

31-2 

10.38 

good 

l6 

29.3,  29.8,  29.3,  31.2 

29.8 

10.60 

good 

17 

26.3,  26.7,  24.4,  26.4,  26.4 

26.0 

II. 13 

good,  Moon 

i8 

20.4,  22.3,  20.1 

20.9 

11.88 

good 

J9 

19.9,  I9-I 

195 

12.07 

good 

20 

17.8,  19.1,  17.9 

18.2 

12.27 

good 

21 

14.6 

14.6 

12.79 

good 

22 

13-5 

13-5 

12.94 

fair  to  good 

23 

<I2.5 

fair 

limit  .r  or  j' 

24 

<  12.0 

fair 

limit  H 

25 

<  12.0 

twilight 

limit  «  ando 

26 

J  32.3.  33-3.  31-7               \ 
\  32.8,  33-3,  32.2               S 

32.6 

10.18 

low,  fair 

27 

32.3.  32.3,  32.2 

32.2 

10.24 

low.  fair 

28 

26.2,  28.4 

27-3 

10.96 

poor 

29 

24.2,  24  9,  22.4 

23-8 

11.47 

fair 

30 

22.4,  20.g,  21.3,  21. 1 

21.4 

11.79 

good 

31 

19.4,  21.3 

20.3 

11.95 

fair,  Moon  rising 

32 

15.9,  20.8,  17. 1,  16.5 

17-5 

12.37 

good 

33 

15.6,  16.5 

IS. 8 

12.58 

small  .Moon 

34 

15. 1,  16.5,  15.8 

I,q.8 

12.61 

Moon 

35 

1 0.0 

10. 0 

13.47 

good 

36 

1  13.5,  "1-6                         1 

12.5 

13    09 

37 

\  13-5.  13-3                         1 

13-4 

12.96 
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Date 

« 

No, 

<: 

i 

COMPAKISONS 

Month 

Day 

Hour 

Julian  Day 

0 

< 

G.  M.  T. 

1900 

C.S.T. 

2410000-+- 

38 

Feb. 

18 

10 

5069.7 

350 

40 

\  V  a,  V  P,  V  5-6  y,  V  6  11 

(  X  6-8  V,  V  1-2  0  (2d  comparison) 

{a  2  V,  P  2  V,  V  T,y.  V  $  71 

39 

22 

9 

5073-6 

350 

40 

?  a  I  r,  /S  I  y,  i;  4  7,  /i  2  ft  /3  3  e 

40 

24 

10 

5075-7 

175 

12 

V  not  seen 

41 

Mar. 

I 

8 

5080.6 

350 

40 

0  1-2  f,  j3  1-2  v,v  ^  7,  -'  1  9,  !■  5  17 

42 

21 

9 

5100.6 

275 

12 

z/  I  ^,  M  4  Z'.  J'  I  9 

43 

22 

9 

5101 .6 

350 

40 

M  3  I/,  f  I  S,  J/  3  7,  /3  I  1/ 

44 

Apr. 

4 

9 

5114-6 

2^5 

12 

fl  2  V,  V  2  p 

45 

18 

8 

5128.6 

275 

12 

y2v,  vlx,  V2IJ. 

46 

19 

8 

5129.6 

275 

12 

V  2  li,  X  I  v,y  2-3  V,  w  3  j3 

47 

27 

10 

5137-7 

350 

40 

7/  J-,  z-  2  JT,  «  3  w 

48 

29 

9 

5139-6 

150 

6 

z/  not  seen 

49 

Aug. 

30 

19 

5263.0 

237 

40 

V  2k,vll 

49a 

Oct. 
iqoi 

23 

12 

5316.8 

237 

40 

50 

Feb. 

9 

7 

5425-5 

150 

6 

V  not  seen 

51 

igo2 

10 

7 

5426.5 

150 

6 

V  not  seen 

52 

Jan. 

n 

7 

5761.5 

24 

53 

24 

7 

5774-6 

'67 

12 

54 

Feb. 
1903 

6 

10 

5787-7 

237 

40 

55 

Jan. 

I 

8 

6116.6 

67 

12 

z/  «,  h  Sv,v  i,  X 

56 

Mar. 

21 

1 1 

6195-7 

80 

6 

7!  not  seen 

IV  headed  "Resulting  Magnitudes  from  Measures  with  6-  and 
12-  Inch."  The  subscripts  indicates  that  the  star  was  measured 
through  the  absorption  glass,  before  mentioned,  which  cuts  down 
the  light  1.70  magnitudes  (equals  15.45  scale-divisions  with 
wedge  V).  For  the  fainter  stars,  from  x  down,  the  average 
deviation  of  the  separate  night's  result  from  the  mean  of  the 
three  is  0.09  magnitude.  If  the  star 7,  for  which  the  deviation 
is  anomalous,  be  omitted,  tlie  average  deviation  becomes  0.07 
magnitude. 

MAGNITUDE-CURVE. 

This  is  given  in  Fig.  i,  platted  with  photometric  magnitudes 
as  abscissae  and  positions  in  the  light-scale  as  ordinates;  giving 
the  ijoints  shown   by  the  round    dots.      In  this   case  the  "curve" 
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Means 

No. 

Details  in  Steps 

Seeing 

Rb       ntfQ 

Steps 

Magni- 
tudes 

38 

(  9.8,  9.1,  9.4,  6.0                ) 
I  8.5.  8-3                                S 

8-5 

13-67 

fair 

39 

(7.8,  7.1,7-9.  5-0              I 
(8.8,8.1,8.9                     ) 

7-6 

13.82 

good 

40 

<ii.5 

<i3-25 

fair 

limit  n  <  X 

41 

8.3,  7.6,  8.9,  7.6 

7.5 

13-83 

good 

■12 

10.1,7-3.  7-7 

8.3 

13-70 

good 

limits  or  i</3 

43 

8.3,  7-7,  7-9 

7-9 

13-77 

good 

limit  4  <  1J 

44 

8.3,  II. I 

9-7 

13-50 

good.  Moon 

45 

15. 1,  16.5,  13.3 

14-9 

12.76 

fair,  thick 

46 

13.3,  14.5,  14.6,  12.1 

13-6 

12.94 

good 

limit  (3 

47 

17.1,  17-5.  17-3 

17-3 

12.39 

fair 

48 

<I2.0 

limit  n 

49 

27.9,  28.4 

28.1 

10.83 

twilight 

49a 

12.79 

fair 

photometer 

50 

<20.4 

<II.S 

fair 

limit  1-2  <  h 

51 

<l9-9 

<  12.0 

fair 

limit  « 

52 

<io.9 

photo.  55  m.  exp. 

53 

9-95 

good,  Moon 

photometer 

54 

10.22 

fair  to  good 

photometer 

55 

20.3,  16.9.  IQ.5 

18.9 

12.18 

good 

56 

<2I  .9 

<II.6 

good,  low 

limit  k 

is  a  straight  line.  The  average  distance  of  the  dots  from  the 
line  is  O.IO  magnitude;  omitting  j;,  the  distance  is  0.08.  The 
value  of  one  step  is  0.14  magnitude. 


VISUAL    OliSKK\ATIU.\S. 

The  visual  comparisons  of  the  variable  by  Argelander's  method 
are  given  in  detail  in  Table  V.  The  light-scale  was  formed  from 
them  in  the  usual  manner,  giving  the  quantities  in  the  fourth 
column  of  Table  III.  Table  V  also  contains  the  results  of  three 
sets  of  photometric  measures  of  the  variable  (observations  No. 
49a >  53>  ^^^  54)  ^^^  the  magnitude  determination  from  the  [jho- 
tograph  (No.  52). 
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LIGHT-CURVE. 

In  Fig.  2  the  observed  magnitudes  from  1898  to  1903  are 
platted  and  the  light-curve  drawn  through  them  ;  the  parts  of 
the  curve  covered  by  the  observations  being  drawn   full,  while 

Magnitudes. 


u 

1   ' 

-r 

::::•   :  :i. 

hi 

1 ' , 

X --'■'- 
'-'-'■ 

'-^4- 
^ 

. . .  " 

> 

■ 

1 

ft;. 
1 

V 

-t-m- 

-4 

■    . :  i ;   : . 
, '    '  i ' "  V 

'1^^  -  -  ■  - 

Fig.   I. —  Magnitude  Curve  of   W  Atirigae. 


the  parts  assumed,  in  absence  of  sufificientlv  numerous  observa- 
tions, are  drawn  with  a  broken  line.  The  variations  seem  best 
represented  by  the  elements  of  maximum  — 

1898,  December  24  (J.  D.  2414648)  +  276  E  (M-m  =  ii3l 
Magnitudes:   Max.  9.3,  Min.  13.8. 

In  Table  VI  are  collected  the  dates  of  maximum  and  mini- 
mum, together  with  a  comparison  with  the  observations  given  in 
Blajko's  summary  previously  quoted,  from  the  Nachrkliti'ii. 
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TABLE    VI. 
MAXIMA. 


Calculated 

Blajko's  Summary 

Blajko's  Maxima 

Julian  Day 

Calendar 

Date 

Magnitude 

-5 

2410000+ 
3268 

1895,  Mar.  15 

(  1895,  Feb.  15 
I  1895,  Mar.    4 

lO.I    ph 
9-3    ph 

March  or  .■\pril 

-4 

3544 

1895,  Dec.  16 

\  1895.  Dec.  16 
/  1895,  Dec.  21 

8.8  ph 
8.8  ph 

December 

-3 

^820 

1896,  Sept.  17 

—  2 

4096 

1897,  June  20 

—  I 

4372 

1898,  Mar.  23 

1898,  Apr.  10 
(  1898,  October 

9.2     VIS 
<I2        vis 

0 

4648 

1898,  Dec.  24 

•j  1899,  Feb.  21 
(  1899,  Mar.  31 

1 1       vis 

December 

<I2       vis 

I 

4924 

1899,  Sept.  26 

\  1S99,  October 
(  ^899,  Dec.  28 

(  10 

12  ±  ph 

2 

5200 

1900,  June  29 

Igoo,  April 

12       vis 

(  of  June 

3 

5476 

1901,  Apr.  I 

4 

5752 

1902,  Jan.  2 

5 

6028 

1902,  Oct.  5 

Observations 

Calculated 

Bla>ko's  Summ 

ARV 

Julian  Day 

Calendar 

Date 

Magnitude 

2410000+ 

-4 

3431 

1895.  Aug.  25 

-3 

3707 

1896,  May  27 

—  2 

3983 

1897,  Feb.  27 

1897,  Mar.  26 

<I2     ph 

—  I 

4259 

1897,  Nov.  30 

1898,  Jan.  16 

<I2     ph 

c 

4535 

189S,  Sept.  2 

1898,  October 

<I2     ph 

I 

4811 

1899, June  5 

(  1899,  Apr.  4 
(  1899,  Apr.  6 

<I2      ph 
<I2     ph 

2 

5087 

1900,  Mar.  8 

3 

5363 

I  goo,  Dec.  9 

4 

5639 

1 90 1,  Sept.  II 

5 

591S 

1902,  June  14 

6 

619: 

1903,  Mar.  17 

In  the  column  of  "Observations,"  "jih"  stands  for  "jjlioto- 
gra]3hic"  and  "vis"  for  "visual."  It  will  be  seen  that  the  above 
elements  satisfy  the  observation  between  1895  •^"'^   iQOj-     The 
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calculated  dates  of  maxima  and  minima  are  well  represented  by 
the  light-curve,  though  the  observations  are  not  sufficiently 
numerous  to  enable  us  to  detect  variations  of  less  than  fifteen  or 
twenty  davs  with  certainty.  The  magnitudes  on  the  photo- 
graphs near  the  maximum  at  epoch  —4  do  not  agree  very  closely 
with  my  photograph  taken  near  maximum  at  epoch  +  4  (indi- 
cated on  the  light  curve,  Fig.  2,  by  the  small  cross),  but  doubt- 
less a  large  part  of  the  divergence  can  be  accounted  for  by  the 
use  of  different  photographic  plates. 

Yerkes  Observatory, 
September  1903. 


ON    CERTAIN     METHODS    OF     ECONOMIZING     THE 

LIGHT  IN  SPECTRUM  ANALYSIS. 

By  W.  ].  Humphreys. 

No  M.^TTER  what  the  source  of  light  nor  what  kind  of  spec- 
trograph is  used  to  analyze  it,  there  are  distinct  advantages  in 
obtaining  its  spectra  as  brilliant  as  possible.  In  this  way  lines 
are  found  that  otherwise  would  escape  detection,  and  photo- 
graphs, which  of  course  integrate  the  light  during  the  time  of 
exposure,  are  obtained  more  quickly,  and  therefore  under  more 
nearly  uniform  conditions.  Moreover,  such  economy  is  desirable 
in  obtaining  spectrograms  of  very  volatile  substances,  small 
amounts  of  any  material,  arcs  under  pressure,  and  other  tempo- 
rary sources  of  light.  Again,  it  renders  practical  the  use  of 
instruments  of  correspondingly  larger  dispersive  powers  —  an 
advantage  of  the  utmost  value  in  nearly  every  line  of  spectrum 
work. 

The  above  are  some  of  the  reasons  why  a  spectrograph 
should  be  equipped  with  light-saving  devices,  and  in  what  fol- 
lows I  shall  briefl}'  describe  a  few  of  these,  most  of  which  have 
been  fully  tested  experimentally. 

I.        ILLUMINATION    OF    THE    SLIT. 

Assuming  that  the  source  of  light  is  not  under  the  experi- 
menter's control,  or  if  so,  that  its  intensity  has  been  pushed  to 
the  practicable  limit  —  in  short,  with  a  fixed  source,  —  probably 
the  most  obvious  method  of  increasing  the  brilliancy  of  its  spec- 
trum, as  produced  by  a  given  instrument  with  a  definite  adjust- 
ment, is  that  of  increasing  the  illumination  of  the  slit. 

If  the  source  is  so  far  away  that  it  appears  as  a  point,  a  star 
for  instance,  or  line,  like  the  disappearing  crescent  of  the  Sun 
at  a  total  solar  eclipse,  then  it  is  quite  feasible,  as  is  generally 
known,  to  discard  the  slit  entirely  and  use  an  objective-prism  or 
grating;  but  for  obvious  practical  reasons  it  is  the  custom,  when 
working  with  large  instruments,  to  focus  the   light   with   convc.v: 
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refractors  or  concave  reflectors  upon  a  suitable  slit,  though  such 
a  procedure  is  necessarily  beset  with  difficulties.  Large  refractors 
have  to  be  made  of  glass,  and  are  therefore  more  or  less  opaque 
to  the  ultra-violet,  while  the  light  that  gets  through  is  always  in 
some  measure  dispersed  by  chromatic  aberration.  Reflectors, 
on  the  other  hand,  are  free  from  chromatic  aberration,  but  even 
though  perfectly  figured,  if  they  consist  of  speculum  metal, 
return  scarce!}'  two-thirds  of  the  incident  visible  light  and  barely 
two-fifths  of  the  ultra-violet;  while,  if  silver  on  glass  is  used, 
nearly  all  the  ultra-violet  is  lost.'  With  such  sources  the  only 
means,  appliable  to  all  types  of  spectrographs,  that  has  occurred 
to  me  of  increasing  the  illumination  of  the  slit,  when  the  size  of 
the  apparatus  is  fixed,  is  by  the  use  of  properly  selected  reflect- 
ors, silver  for  the  visible  light  and  magnalium,  wherever  prac- 
ticable, for  the  ultra-violet.  A  special  method  adapted  to 
concave  gratings  will  be  described  further  on. 

When  a  flame,  electric  arc,  or  other  near-by  source  is  used, 
the  problem  is  radically  different  from  the  preceding  one, 
where  it  was  supposed  to  be  far  off.  Here,  bv  merely  placing 
the  source  in  front  of  the  slit,  a  fair  amount  of  light  is  caused  to 
reach  the  grating  or  other  analyzer  —  an  amount  which,  if  the 
source  is  uniformly  brilliant  throughout,  is  independent  of  its 
distance  so  long  as  the  cone  of  light  passing  through  the  slit  is 
large  enough  to  cover  the  analyzing  surface;  and  to  the  end  that 
this  cone  shall  be  of  ample  size  it  is  customary  to  use  an  ordi- 
nary condensing  lens,  commonly  consisting  of  quartz  for  gratings 
to  secure  the  ultra-violet,  with  the  slit  and  source  at  its  conjugate 
foci.  When  the  light  is  intense  and  constant,  this  method  is 
sufficient  for  most  purposes.  It  also  has  the  great  advantage, 
when  prisms  or  flat  gratings  are  used,  of  giving  the  distribution  in 
the  arc  or  other  source,  of  the  substances  producing  the  spectra. 
It  has,  however,  besides  the  loss  of  some  light  by  reflection,  the 
disadvantage  of  chromatic  aberration,  by  virtue  of  which  the 
relative  intensities  of  the  colors  are  not  the  same  at  the  analyzer 
that  they  are  in  the  source. 

Of  course,  the  sharper  the  image  on  the  slit,  as  produced  by 

■  Hagen  and  Rubens,  Annalen  der  Physik,  8.  1-21,  1902. 
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any  one  color,  the  greater  the  amount  of  that  kind  of  light  that 
reaches  the  analj'zer;  but  so  long  as  the  slit  is  kept  in  one  of  the 
foci,  and  the  cone  of  light  from  it  fully  covers  the  analyzing  sur- 
face, there  is  but  little  to  be  gained  by  altering  the  position,  size, 
or  focal  length  of  the  condensing  lens.  In  the  case  of  concave 
gratings,  however,  and  in  general  where  the  distribution  of  the 
light  in  the  source  is  not  under  consideration,  it  is  easy  to 
increase  greatly  the  brillianc}'  of  the  spectrum  by  the  use  of 
suitable  concave  reflectors. 

a)  As  the  most  general  type  of  such  reflector  it  is  convenient 
to  consider  a  portion  of  an  ellipsoid  of  revolution.  Let  this  be 
adjusted  so  that  the  center  o^  the  source  of  light,  say  sparks 
between  metallic  |:)oints,  shall  be  in  one  focus,  and  the  slit,  which 
should  be  parallel  to  the  line  joining  the  spark  terminals,  in  the 
other  focus  of  the  ellipsoid,  whose  inner  surface  is  supposed  to 
be  a  highly  polished  good  reflector.  The  line  joining  the  foci 
should,  of  course,  if  prolonged,  intersect  the  center  of  the  prism 
or  grating.  By  this  means  the  light  that  fills  a  large  solid  angle 
whose  vertex  is  at  the  source,  is  converged  upon  the  slit,  and,  by 
adapting  the  dimensions  of  the  ellipsoid  to  the  spectrograph  in 
use,  much  of  it  is  made  to  reach  the  analvzer.  This  method  evi- 
dently would  avoid  chromatic  aberration,  as  well  as  utilize  a 
larger  amount  of  light  than  could  be  secured  by  means  of  a  lens. 

bj  If  the  foci  of  the  ellipsoid  are  separated  until  the  figure 
becomes  a  paraboloid  of  revolution,  with  the  source  centered  in 
the  focus,  the  rays  of  reflected  light  become  approximately 
parallel  and  may  be  condensed  upon  the  slit  with  a  suitable  lens  ; 
or  by  placing  the  slit  in  the  focus  and  close  to  the  source,  but 
between  it  and  the  parabolic  reflector,  the  parallel  rays  thus 
obtained  would  be  adapted  to  an  objective  concave  grating  or 
other  analyzer  requiring  the  use  of  a  collimator.  Of  course,  the 
disturbing  light  from  the  source  would  have  to  be  screened  off 
from  the  instrument,  and  this  could  be  done  bv  a  small  opaque 
object  suitably  placed  ;  or,  among  other  ways,  the  source  might 
be  put  quite  to  one  side  and,  by  the  aid  of  a  condenser  and  small 
optical  flat  mirror,  a  brilliant  image  formed  on  the  slit. 

But  the  ellipsoid  and    paraboloid,   while    simple   enough    in 
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theory,  are  necessarily  difficult  to  make,  and  therefore  expensive; 
still  they  are  mentioned  in  this  connection  because  of  their 
decided  value,  if  properly  constructed,  and,  further,  they  naturally 
belong  with  a  third  method  described  below,  which  is  exceedingly 
easy  of  construction,  inexpensive,  and  efficient. 

c)  Again,  considering  the  ellipsoid  of  revolution,  let  its  foci 
be  brought  closer  together,  till  they  finally  coincide,  and  the 
surface  becomes  spherical.  In  this  case  the  source,  which  is  at 
the  center  of  the  sphere,  and  its  image  are  superimposed,  and 
the  condensing  lens  in  front  of  the  slit  receives  both  the  direct 
and  the  reflected   light.      Evidently  the  source  could  be  placed 
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slightly  to  one  side,  and  its  reflected  image  alone  received  upon 
the  slit.  The  particular  advantage,  that  might  occasionally  be 
desirable,  of  this  arrangement  is  the  avoidance  of  chromatic 
aberration. 

The  method  I  have  most  frequently  used  is  shown  in  Fig.  i, 
in  which  A  is  the  source,  R  a  sjiherica!  reflector,  C  2.  condensing 
lens,  and   S  the  slit. 

In  this  way  two  distinct  images  are  formed  on  the  slit,  one  an 
inverted  image  produced  by  the  direct  light,  the  other  an  erect 
image  given  by  the  reflected  light ;  and  evidently  they  may  be 
superimposed.  But  since  the  reflected  light  shines  back  through 
its  own  source,  it  must  necessarily  suffer  greater  or  less  absorp- 
tion, so  that  the  resulting  brilliancy  of  the  superimposed  images 
is  less  than  the  sum  of  those  of  the  direct  and  reflected  images 
separately.  Nevertheless,  the  combination  gives  spectra  dis- 
tinctly more  brilliant  than  those  produced  by  the  direct  light 
alone,  and  therefore  much  of  the  reflected  light  must  somehow 
get  through   the  source,  and  does  so  probably  because  the  lumi- 
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nous  vapors  are  not  sufficiently  dense  or  extensive  to  form  a 
practically  continuous  intercepting  layer. 

To  demonstrate  photographically  the  efficiency  of  the 
apparatus,  I  have  taken  advantage  of  the  fact  that  silver  is  a 
poor  reflector  of  ultra-violet  light,  but  an  excellent  one  of  longer 
wave-lengths.  The  first  three  negatives  shown  in  the  plate  were 
taken  in  the  region  of  X3200  of  the  third  order,  which  coincides 
with  X4800  of  the  second  order.  The  outer  portions  of  I  are 
due  wholly  to  light  reflected  from  a  silver  surface,  while  the 
middle  strip  was  produced  by  light  directly  from  the  arc  made 
to  pass  through  a  silver  film,  on  a  quartz  disk  of  sufficient  thick- 
ness to  be  nearly  opaque  to  all  luminous  rays.  The  position  of 
maximum  transmission  naturally  coincides  with  that  of  minimum 
reflection,  approximately  \3200,  and  therefore  the  heavy  lines  on 
the  outer  portions  of  I  belong  to  regions  of  longer  wave-length. 

The  outer  portions  of  II  are  also  due  to  reflected  light  alone, 
but  the  middle  strip  was  produced  by  undisturbed  light  directly 
from  the  arc.  It  will  be  noticed  that,  while  the  times  of  exposure 
were  as  nearlj'  as  possible  the  same  and  the  source  kept  constant, 
the  ultra-violet  lines  have  very  unequal  intensities  in  the  direct 
and  reflected  portions,  and  that  those  of  longer  wave-lengths 
differ  but  little  from  each  other.  Finally,  the  middle  strip  of  III 
is  due  to  direct  light,  while  its  outer  portions  were  produced  by 
the  joint  effect  of  the  superimposed  images,  direct  and  reflected. 
The  arc  was  practically  constant  and  the  times  of  exposure  the 
same.  Here  it  is  seen  that  those  ultra-violet  lines  which  are 
scarcely  at  all  reflected  have  nearly  equal  intensities  in  the  outer 
and  middle  portions,  while  those  of  longer  wave-lengths  that  are 
strongly  reflected  are  much  heavier  in  the  outer  parts.  The 
conclusion,  therefore,  is  that  the  vapors  of  the  arc  do  not  absorb 
all  the  reflected  light,  and  that  the  method  described  does 
materially  increase  the  brilliancy  of  arc-,  and  presumably  of  cer- 
tain other  spectra. 

Incidentally  it  is  seen  that  a  silver  reflector,  or  screen,  can  be 
used  as  an  aid  to  differentiate  between  ultra-violet  lines  and  those 
of  longer  wave-length. 

In  most  of  my  work  I  have  used  silver-on-glass  reflectors,  but, 
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while  this  is  the  best  known  reflector  of  visible  light,  it  is,  as 
shown  by  the  plate,  a  very  bad  one  for  the  ultra-violet,  and 
therefore  for  this  region  some  other  material  should  be  used, 
probably  magnalium  for  the  best  results. 

a?)  Of  the  many  possible  optical  trains  that  might  be  used  to 
illuminate  the  slit,  there  is  one,  other  than  those  above  described, 
with  which  I  have  worked  that,  for  small  images,  yields  good 
results  with  the  concave  grating.  This  consists  of  a  spherical 
condensing  lens  used  in  the  ordinary  way,  either  with  or  without 
a  reflector  behind  the  source,  in  conjunction  with  a  double  con- 
cave cylindric  lens  of  short  focal  length,  placed  close  to  the 
slit  and  with  its  axis  at  right  angles  to  the  slit's  direction. 

By  focusing  the  light  on  the  slit  with  the  condensing  lens,  and 
then  introducing  the  cylindric  lens  as  above  described,  the 
image  will  be  elongated  in  the  direction  of  the  slit,  while  its 
width  at  the  center  will  remain  unaltered  ;  and  the  pencil  of 
light  that  gets  through,  instead  of  covering  and  surrounding  the 
grating  with  a  circle,  will  cover  it  with  a  surface  roughly  rectan- 
gular in  shape,  the  length  of  which  is  equal  to  the  diameter  of 
the  original  circle,  while  its  width  is  much  less. 

The  cylindric  lens  does  not  appreciably  alter  the  amount  of 
light  that  gets  through  the  slit,  but  places  a  much  larger  per- 
centage of  it  on  the  ruled  surface,  so  that  the  final  effect  is  to 
lengthen  out  the  spectrum  lines,  owing  to  the  elongated  image, 
and,  on  account  of  the  astigmatism  of  the  grating,  to  increase 
their  brilliancy. 

These  effects  are  shown  in  negatives  IV  and  V,  the  cylindric 
lens  being  used  in  the  latter  case.  The  source  was  a  round 
hole,  about  one  millimeter  in  diameter,  in  a  sheet  of  metal  placed 
close  to  a  large,  and  therefore  approximately  uniform,  electric 
arc.  The  times  of  exposure  were  as  nearly  as  possible  the 
same,  and  the  plates  were  developed  together  and  for  the  same 
length  of  time.  Many  eye  observations  were  taken,  and  several 
other  comparison  plates  secured  in  the  first  three  orders  of 
the  spectrum,  and  the  results  were  everywhere  the  same — a 
slight  lengthening  of  the  lines,  and  a  marked  increase  in  their 
brilliancy. 
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II.      VIRTUAL    INCREASE    OF    THE    SLIT-LENGTH. 

One  of  the  peculiarities  of  the  concave  grating  is  its  astig- 
matism, by  virtue  of  which  a  point  source  in  the  slit  produces  a 
line  image  on  the  focal  curve.  When  the  slit  is  parallel  to  the 
rulings  on  the  grating,  the  several  line-images  due  to  its  consecu- 
tive points  are  superimposed,  and  a  relativelv  intense  line  is  the 
result.  The  longer  the  slit,  within  certain  limits,  the  more 
intense  the  resulting  lines,  but  when  it  is  increased  beyond  a 
definite  length,  which  depends  on  the  grating  and  its  position, 
the  lines  produced  by  light  coming  from  one  end  of  it  fail  to 
overlap  those  due  to  light  from  the  other  end,  and  clearly 
increasing  the  slit-length  beyond  this  does  no  good.  However, 
there  are  many  sources  of  light,  such  as  end-on  Pliicker  tubes, 
sparks  between  close  terminals,  and  others,  whose  images  as 
produced  by  an  ordinary  condensing  lens  limit  the  slit  to  much 
less  than  its  maximum  efificient  length.  Besides,  the  image  may 
always  be  rendered  small  bv  means  of  a  short-focus  condensing 
lens,  and  in  many  cases  the  only  objection  to  this  is  the  loss  of 
some  light  due  to  greater  chromatic  aberration,, and  the  increased 
difficulty  of  keeping  the  image  properly  placed  on  the  slit. 

In  practically  all  cases,  then,  the  circle  of  light  that  covers 
the  grating  ma}'  be,  and  usually  is,  much  greater  than  the  area  of 
the  ruled  surface,  and  thus  only  a  small  portion  of  the  light  that 
gets  through  the  slit  is  of  any  service. 

Clearly,  however,  if  this  waste  light  could  be  made  to  fall  on 
the  ruled  surface  in  the  direction  which  it  would  have  if  it  came 
from  some  point  close  to  and  in  line  with  the  slit,  the  astigmatism 
would  cause  the  resulting  spectrum  lines  to  overlaj)  those  due  to 
the  direct  light  from  the  slit,  and  the  brilliancy  of  the  spectrum 
would  be  increased. 

(?)  As  already  explained,  excellent  results  of  this  kind  can  be 
obtained  with  a  concave  cylindrical  lens  placed  before  the  slit, 
but  similar  effects  are  possible  with  suitable  apparatus  properly 
located  between  the  slit  and  grating.  One  of  these,  which,  owing 
to  the  difficulty  of  its  construction,  will  probably  have  onh'  a 
theoretical  interest,  is  a  curved  convex  cylindrical  lens — a  por- 
tion of  a  ring — of  proper  focal  length,  and  of  such  shape  and 
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position  that  it  will  be  normally  intersected  by  each  plane  deter- 
mined by  the  slit  and  a  line  on  the  grating. 

b')  There  is  another  method,  however,  efficient,  simple  to 
construct,  and  easy  to  use.  This  consists  of  a  pair  of  optical 
flats  close  to  the  slit,  but  between  it  and  the  grating,  with  their 
ends  properly  separated  and  the  pair  so  adjusted  that  the  plane 
fixed  by  the  slit  and  the  central  ruling  on  the  grating  shall  be 
normal  to  their  reflecting  surfaces.  Chromatic  aberration  is 
thus  avoided. 

The  method  is  shown  schematically  in  Fig.  2,  which  also 
gives  a  geometric  means  of  determining  the  proper  inclination  of 
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Fig.  2. 

the  reflectors  to  each  other  for  any  given  slit-length  and  grating 
distance.  For  the  sake  of  keeping  the  lines  well  separated  in 
the  drawing  the  angles  are  greatly  exaggerated. 

In  the  figure  5  is  the  slit,  R,  R,  the  two  reflectors,  and  /,  /, 
the  slit's  images  in  these  reflectors.  For  a  given  position  of  the 
grating  let  a  ray  from  the  bottom  of  the  slit  be  reflected  from  a 
point  near  the  end  of  the  upper  reflector  to  the  top  of  the  grat- 
ing. Other  rays  from  the  same  point  in  the  slit  will  go  directly 
to  the  grating,  others  miss  it  entirely,  but  still  others  will  be 
reflected  from  nearer  points  on  R  to  parts  of  the  grating  below 
the  top.  The  same  thing  holds  for  every  other  point  in  the 
slit,  except  that  the  higher  it  is,  the  nearer  will  be  the  parts  of 
R  that  reflect  its  light  to  the  grating.  Similarly  for  the  lower 
reflector. 

To  determine  the  proper  setting  of  the  reflectors,  draw  a  line 
from  the  upper  end  of  the  image  /,  which  should  be  of  the  same 
length  as  5,  past  the  far  end  of  R  to  the  toj)  of  the  grating,  and 
another  from  the  same  point  parallel  to  the  line  that  joins  the 
center  of  5  with  the  middle  point  of  the  ruled  surface.      Let  the 
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angle  so  formed  be  a,  then  if  /  is  the  length  of  the  rulings  on  the 
grating,  and  L  the  distance  from  the  slit  to  the  grating, 


■2  L 


nearly. 


Let  the  angle  between  R  and  the  above  ray  to  the  top  of  the 
grating  be  /3,  and  the  length  of  the  reflector  a,  then 

tan  fi^  —  nearly. 
a 

Finally  call  the  semi-angle  between  R  and  R,  7,  then  y  =  a-\-/3, 
a  determinate  quantity. 

The   following  table   gives   some   of  the   numerical   values   of 
these  constants  with  which  I  have  worked. 

Length  of  reflectors,  12.5  cm;  focal  length  of  grating,  6.4  m; 
length  of  rulings  on  the  grating,  5  cm;  distance  of  grating  from 
the  slit,  a  variable  quantity,  but  as  a  somewhat  extreme  and 
unfavorable  case  say  4  m,  which  puts  X.4400,  third  order,  at  the 
center  of  the  camera. 

T.^BLE  OF  CONSTANTS. 


Length  of  Slit 

Distance  Be- 
tween Reflectors 
at  Slit 

Distance  Be- 
tween Reflectors 
at  End  from  Slit 

Required  Radius 

of  Circle  of 
Light  at  Grating 

I      mm 
1-5 

2 

I      mm 

1-5 
2 

4 .  47  mm 
5.92 
7.. 38 

14  cm 
17 

22 

From  this  it  evidently  is  not  necessary  to  use  even  a  large 
condensing  lens,  or  cone  of  light  of  wide  angle  ;  and,  further, 
it  clearly  is  easy  to  obtain  a  slit  and  its  reflections  practically 
three  times  the  length  of  the  slit  alone,  all  sending  light  to  the 
grating  in  such  directions  that  it  will  produce  superimposed, 
and  therefore  relatively  brilliant,  spectrum  lines.  Besides,  the 
angle  of  incidence  is  so  large  that  the  images  are  nearly  as 
bright  as  the  slit  itself.  The  reflectors  with  which  1  have  worked 
consist  of  silver  chemically  deposited  on  glass  optical  flats, 
though  this,  in  spite  of  the  large  angle  of  incidence,  is  probably 
not  the  best  material  for  the  ultra-violet. 

In  those  cases  where  the   image  is  practically  a  point  and  the 
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angle  of  the  cone  of  light  very  large,  better  results  might  be 
obtained  with  suitable  cylindrico-parabolic  reflectors  with  their 
common  foci  at  the  center  of  the  slit,  but  under  all  ordinary  cir- 
cumstances the  flats  are  best  and  easiest  to  use. 

I  have  found  it  convenient  to  fasten  the  reflectors  respectively 
to  an  upper  and  a  lower  piece  of  brass,  and  to  provide  these 
with  two  sets  of  screws,  one  of  which  adjusts  the  reflectors  rela- 
tively to  each  other,  while  the  other,  by  resting  on  a  small  plat- 
form, adjusts  the  combination  to  the  slit.  The  successful  use  of 
this  attachment,  instead  of  being  difficult,  as  one  might  suppose, 
is  very  easy.  None  of  the  adjustments  is  difficult,  and  once  the 
device  is  properly  set,  but  little  additional  attention  is  required 
other  than  keeping  the  image  at  the  proper  place  on  the  slit. 

The  general  character  of  the  results  is  shown  in  negatives  VI 
and  VII.  Since  these  were  taken  only  for  the  purpose  of  illus- 
trating the  principle,  a  very  short  slit,  of  about  one  millimeter, 
was  used  instead  of  a  small  image.  It  will  be  noticed  that  the 
lines  of  VI  are  triple,  the  outer  components  being  broad  and 
hazy;  and  that,  if  all  three  were  made  equally  sharp  and  brought 
together,  they  would  overlap  through  most  of  their  length  and 
produce  a  decidedly  more  intense  line.  This  effect  of  tripling 
the  lines  and  blurring  the  lateral  ones  was  secured  by  tipping 
the  mirrors,  and  thus  putting  the  images  out  of  line  with  the  slit 
and  also  out  of  line  with  the  rulings  on  the  grating.  Negative 
VII  was  taken  when  the  mirrors  were  properly  adjusted,  and 
though  the  three  sets  of  lines  are  here  superimposed,  it  is  free 
from  noticeable  defects  of  any  kind. 

III.       SH.\PE  OF  THE  GRATING. 

The  general  theory  of  reflecting  gratings  leaves  great  freedom 
of  choice  as  to  the  shape  of  the  surface,  but  the  difficulties  of 
construction,  convenience  of  use,  and  other  considerations  so 
narrow  the  limits  that,  to  the  best  of  my  knowledge,  only  flat 
and  spherical  concave  surfaces  are  used. 

If  the  light  is  sufficiently  intense,  the  astigmatism  of  the  con- 
cave grating  as  commonly  mounted  will  do  no  harm,  but  in  the 
case  of   feeble  sources,  or  even  faint  lines  in  a  bright  source,  this 
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will  cause  many  parts  of  the  spectrum  to  be  overlooked  that 
could  easily  be  seen  if  all  the  energy  was  concentrated  to  closer 
limits.  It  would  therefore  be  very  desirable,  while  retaining 
normal  spectra,  to  reduce  the  astigmatism  to  a  minimum,  and 
consequently  it  seems  worth  while  to  determine  what  surface 
will  do  this,  and,  if  the  theoretical  one  is  difificult  of  construc- 
tion, to  find  the  nearest  practical  approach  to  it. 

Let  the  slit,  grating,  and  camera  be,  as  in  the  Rowland 
mounting,  on  the  vertices  of  a  right-angled  triangle,  as  shown  in 
Fig.  3,  where  S  is  the  slit,  C  the  grating,  and  /^  the  position  of 
the  camera  or  viewing  telescope.  Let  the  plane  determined  bv 
S  G  F  he.  horizontal,  and  the  slit,  which  should  be  parallel  to 
the  rulings  on  the  grating,  vertical.  Let  the  surface  of  the  grat- 
ing, concave  as  viewed  from  F,  be  a  portion  of  a  torus,  and  let 
the  rulings  be  at  right  angles  to  the  equator,  and  be  divided  into 
equal  upper  and  lower  halves  by  it.  Further,  let  the  radius  of 
horizontal  curvature  of  the  grating  be  equal  to  G  F,  and  its 
radius  of  vertical  curvature  equal  to  any  desired  value.  Also  let 
the  rulings  be  equally  spaced  along  a  horizontal  chord,  so  that 
the  grating  as  completed  and  mounted  will  difter  from  the  usual 
spherical  concave  grating  only  in  having  a  different  radius  of 
vertical  curvature.  With  these  conditions  it  will  be  found,  on 
making  somewhat  tedious  but  simple  enough  substitutions  in 
Runge's  formulae,'  i.  e,  by  using  the  equations  of  a  torus  instead 
of  those  of  a  sphere,  that  the  two  concave  gratings,  spherical 
and  toroidal,  scarcely  differ  except  in  the  matter  of  astigmatism. 

The  problem  then  reduces  to  that  of  finding  the  vertical 
curvature  of  a  grating  whose  horizontal  curvature  is  given,  that 
will  produce  the  required  amount  of  concentration. 

Let  this  recjuirement  be  that  a  point  in  the  slit  shall  give  a 
point  image.  To  do  this  evidently  the  vertical  curvature  must 
be  such  that  the  sum  of  the  distances  from  the  given  place  in 
the  slit  to  any  point  on  a  fixed  ruling,  sav  the  middle  one,  and 
from  that  same  point  to  the  focus  shall  be  a  constant;  that  is, 
this  particular  ruling  must  be  on  the  surface  of  an  ellipsoid  of 
revolution  whose  foci  are  at  5  and  F. 

■Kayser's  Handbuch  <ier  Speclroscopie,  I,  p.  452  ff.  . 
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Let  A  G B  ChQ  the  horizontal  section  of  this  ellipsoid.  Then 
to  determine  the  proper  radius  of  vertical  curvature  of  the  torus, 
cut  this  ellipsoid  by  a  vertical  plane  passing  through  F  and  G  ; 
that  is,  by  a  plane  passing  through  one  focus  and  the  end  of 
a  latus-rectum  through  the  other  focus  and  normal  to  the  plane 
determined  by  this  latus-rectum  and  the  major  axis. 


The  curve  thus  cut  out  of  the  ellipsoid  is  an  ellipse,  and  on 
revolving  it  about  a  vertical  axis  passing  through  F  and  parallel 
to  its  minor  axis  the  required  torus,  a  part  of  whose  surface  about 
G  forms  the  grating,  is  generated. 

Such  an  elliptical  toroidal  surface,  however,  is  quite  beyond 
the  power  of  ordinary  skill  to  form,  but  any  uniform  curve  that 
closely  fits  this  ellipse  at  the  end  of  its  major  axis  would  give 
very  nearly  the  same  results,  and  doubtless  among  these  the  cir- 
cle is  the  simplest;  and,  moreover,  at  the  end  of  the  major  axis, 
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the  place  required,  a  circle  whose  radius  is  equal  to  the  semi- 
latus-rectum  has  a  very  high  order  of  contact  with  the  ellipse,  so 
that  the  circle  is  not  only  the  simplest  curve,  but  also  one  of 
closest  approach  to  the  ideally  correct  one. 

To  generate  the  required  circular  torus,  revolve  a  circle  whose 
radius  is  equal  to  the  semi-latus-rectum  of  the  elliptical  section, 
as  above  described,  at  right  angles  to  its  plane,  about  a  vertical 
axis  passing  through  F,  and  have  it  so  situated  that  the  equator 
of  the  torus  shall  pass  through  G. 

Of  course,  such  a  surface  could  give  zero  astigmatism  at  only 
one  place,  at  /%  where  5  F  is  the  distance  between  the  foci  of  the 
ellipsoid  of  revolution.  It  will  thus  be  necessary,  after  deter- 
mining the  radius  of  horizontal  curvature  G F,  and  the  ruling  to 
be  used,  to  decide  in  what  part  of  which  spectrum  the  maximum 
intensity  is  desired.  This  will  fix  the  value  of  S  F,  and  through 
it,  as  shown  above,  the  radius  of  vertical  curvature,  which  in  all 
cases  will  be  equal  to  5  G. 

This  same  value  for  the  vertical  curvature,  with  the  condition 
that  a  point  source  at  5"  shall  give  a  point  image  at  F,  is  readily 
obtained  from  Mitchell's"  and  also  from  Runge's"  general  equa- 
tion for  astigmatism,  but  possibly  the  above  direct  and  simple 
discussion  of  the  problem  is  not  superfluous,  since  it  shows  that 
the  figure,  as  determined  by  these  equations,  is  only  an  approx- 
imation, though  an  exceedingly  close  one,  to  the  ideally  correct 
surface. 

Mitchell's  equation  is 

in  which  C  is  the  half-length  of  a  spectrum  line  due  to  a  point 
source  in  the  slit,  Z  the  half-length  of  a  ruling,  r  the  radius  of 
horizontal  curvature,  7?  the  distance  of  the  slit  from  the  grating, 
p  the  radius  of  vertical  curvature  as  I  use  it,  or  radius  of  the 
sphere  as  Mitchell  uses  it,  7  the  angle  of  incidence,  and  /j,  the 
angle  of  diffraction. 

■  ASTROPHYSICAL  JOURNAL,  8,  10?,  1898. 

'  Kayser's  Handtnich  der  Spectroscopic,  I,  464. 
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When  the  Rowland  mounting  is  used,  R^r  cos  7,  and  at  the 
center  of  the  camera  At  =  o;  and  therefore  C  =  o  when 

(I  -f-  cos  y  I      \ 

p  r  cos  y/ 

that  is,  when 

p  =^  r  cos  y  =:/?. 

Range's  expression  for  the  entire  length  of  a  spectrum  line  is 

r'  r  ,       r'  ~\  / 

—  s  +  \p~a    +  —  (p-a)-, 

where  s  =  length  of  slit,  /  =  length  of  ruling,  p  =  radius  of  curva- 
ture, vertical  as  I  use  it,  ^=  distance  of  slit  to  grating,  r' =  dis- 
tance of  camera  from  grating,  a  =  the  x  co-ordinate  of  the  slit 
when  the  center  of  the  grating  is  taken  as  the  origin,  a' =  the 
corresponding  x  co-ordinate  of  the  spectrum  line. 

When  the  Rowland  mounting  is  used,  and  the  x  axis  is  the 
line  joining  the  grating  with  the  camera,  we  have,  where  7  is  the 
angle  of  incidence, 

a'  ^  r' ,  a  =  r  cos  y,  and  r'cos  y  =  r; 
and  therefore  in  this  case   for   point  sources,  that   is   with  s  =  0, 
the  length  of  the  spectrum  lines  becomes 

and  this  vanishes  when  p  =  ?-. 

Evidently,  then,  zero  astigmatism  may  be  obtained  by  having 
the  radii  of  horizontal  and  vertical  curvature  of  the  grating  equal 
respectively  to  its  distances  from  the  camera  and  the  slit. 

Finally,  it  would  be  extremely  desirable  so  to  set  the  cutting 
diamond  point  that  the  grating  shall  give  its  most  brilliant  spec- 
trum at  that  place  where  the  astigmatism  is  least. 

Possibly  a  satisfactory  approach  to  the  above  surface  may  lie 
beyond  the  skill  of  practical  opticians,  but,  whether  for  the  pres- 
ent this  is  true  or  not,  it  seemed  to  me  worth  while  to  discuss 
one  of  its  valuable  properties  when  used  for  a  grating. 

IV.       CAMERA    ATTACHMENTS. 

Prism  and  plane-grating  spectrographs,  when  illuminated  by 
a  line  source,  produce  line  images,  while  the  spherical   concave 
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grating,  as  usually  mounted,  gives  lines,  whether  the  source  is 
also  a  line  or  only  a  point. 

Therefore,  in  all  these  cases  the  energy  in  any  given  wave- 
length is  spread  out  over  a  line  of  greater  or  less  magnitude,  and, 
if  it  happens  to  be  very  feeble,  may  not  be  detected  at  all. 
Clearly,  then,  it  would  be  desirable  to  concentrate  this  energy 
within  narrower  limits,  and  for  photographic  purposes  this  is 
quite  possible,  since  for  a  given  wave-length  the  actinic  effect 
depends  rather  on  the  quantity  of  light  that  reaches  a  given 
point  than  on  small  differences  in  direction. 

In  what  follows  I  shall  assume  that  the  spectrum  lines  are 
straight,  as  they  are  when  due  to  gratings,  either  plane  or  con- 
cave, and  as  they  may  be  in  prism  instruments,  provided  the  slit 
is  properly  shaped.  Further,  though  the  principles  are  exactly 
the  same  for  all,  I  shall  describe  the  methods  as  applied  to  a 
large  concave  grating  spectrograph,  the  instrument  with  which  I 
have  worked. 

<?)  One  method  of  thus  concentrating  the  spectrum  lines  is  to 
place  in  front  of  the  photographic  plate  a  short-focus  cylindric 
lens,  whose  axis  is  parallel  to  the  focal  curve.  By  suitably 
adjusting  the  distance  between  the  plate  and  lens  the  normally 
long  lines  are  reduced  to  very  short  ones,  and  the  intensity 
greatly  increased.  This  method,  however,  is  open  to  several 
objections.  The  lines  probably  will  not  have  exactly  the  same 
intervals  between  them  that  they  would  have  without  the  lens, 
and,  besides,  they  are  not  so  clearh'  defined.  If  the  lens  is 
long,  it  must  necessarily  be  made  of  glass,  and  therefore  not  be 
applicable  to  much  of  the  ultra-violet.  Still,  even  with  all  these 
objections,  the  cylindric  lens  is  of  service  in  hunting  for  very 
faint  lines,  especially  if  they  happen  to  be  somewhat  hazy. 

b)  Another,  and  in  most  cases  much  better  method  is  to 
place  good  reflectors  in  front  of,  but  close  to,  the  plate.  This 
arrangement  is  shown  in  Fig.  4,  where  P  is  the  photographic 
plate,  /?„  K^  the  reflectors,  and  G  the  grating.  Evidently  some 
of  the  light  will  reach  the  plate  directly,  while  two  other  portions 
will  be  reflected  to  the  same  place,  one  from  /?,,  the  other  from 
R„  and  the  three  acting  together  will  correspondingly  increase 
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the  photographic  effect.  The  reflected  rays  clearly  pass  over 
somewhat  longer  paths  than  do  the  direct  ones,  but  this  differ- 
ence, one  millimeter  at  most,  is  not  enough,  when  long-focus 
gratings  are  used,  materially  to  affect  the  definition. 

To  secure  the  best  results  the  surfaces  of  the  reflectors  must 
be  normal  to  a  plane  containing  the  spectrum  line  in  question 
and  passing  through  the  center  of  the  grating.  Therefore,  for 
the  middle  of  the  camera  of  a  concave  grating  the  reflectors 
should  not  be  optical  flats,  but  each  should  be  a  portion  of  a 
right  cone  whose  vertex  is  on  the  tangent  to  the  middle  of  the 
central  ruling.      For  a  short   distance  this  very  closel}'  coincides 


Fig.  4. 

with  a  flat,  and  negative  VIII  was  secured  with  such  optical 
plates.  A  mere  glance  at  this  negative  will  show  that  the 
reflectors  greatly  increase  the  photographic  effect,  while  a  care- 
ful examination  of  it  will  reveal  but  little,  if  any,  injurv  to  the 
definition. 

Much  greater  concentration  could  be  had  by  using  surfaces 
whose  vertical  sections  through  the  axis  give  parabolas  instead 
of  straight  lines  as  furnished  by  the  cone.  The  photographic 
plate  should,  of  course,  in  this  case  be  placed  near  the  latus- 
rectum.  Each  reflecting  surface,  according  to  this  plan,  would 
be  part  of  a  parabolic  toroid. 

Accurately  to  figure  either  of  these  surfaces,  the  conical  or 
parabolic  toroidal,  would  be  difficult,  but  even  for  the  best 
results  accuracy  of  shape  is  not  essential.  It  is  only  necessary 
that  the  reflected  light  should  fall  somewhere  on  a  short  straight 
line,  and  therefore  it  is  sufficient  if  the  horizontal  sections  of  the 
reflectors  are  true  circles.  The  vertical  sections  in  the  one  case 
need  not  give  perfectly  straight  lines,  nor  those  of  the  other  exact 
parabolas.  With  these  conditions  the  surfaces  would  be  very 
much  more  easily  figured,  and  yet  quite  as  efificient  in  every  way. 
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Evidently  in  many  cases  two  or  more  of  these  methods  may 
be  combined,  with  the  result  of  correspondingly  multiplying  the 
final  brilliancy  of  the  spectrum  lines. 

While  I  have  seen  no  reference  to  the  actual  use  of  any  of 
these  modifications  or  attachments,  still  from  their  ver\-  simplicity 
it  would  be  surprising  if  no  such  application  has  been  made  of 
them.  Indeed,  Rowland'  suggests  the  use  of  a  cj'lindric  lens, 
which  from  the  context  I  take  to  be  the  same  as  IV,  a,  but  does 
not  say  that  he  actually  so  used  it.  Besides,  1  know  that  I,  d, 
has  independently  occurred  to  Wadsworth,  but  I  have  seen  no 
account  of  its  use  in  this  way. 

The  material  of  the  grating,  various  photographic  processes, 
and  manipulations,  and  even  means  of  intensifying  the  brilliancy 
of  the  arc,  flame,  or  other  source,  might  all  be  discussed  under 
the  general  title  of  this  paper,  but  at  present  I  have  nothing  to 
contribute  on  any  of  these  important  points. 

University  of  Virginia. 
April  1903. 

'  Physical  Papers,  p.  489. 


THE   SPECTRUM   OF  o   CETL' 
By  Joel   S  t  e  b  b  i  n  s. 

On  account  of  the  great  instrumental  power  required  for  tlie 
observation  of  the  spectra  of  faint  objects,  changes  in  the  spectra 
of  long-period  variable  stars  have  not  been  well  studied.  In 
fact,  there  is  no  star  which  undergoes  a  large  variation  in  bright- 
ness whose  spectrum  has  been  systematically  followed  from  maxi- 
mum to  minimum,  or  vice  versa.  It  is  proposed  to  give  here  the 
results  of  a  study  of  the  spectrum  of  o  Ceti,  or  Mii-a,  made,  at 
the  suggestion  of  Director  Campbell,  with  the  thirty-six-inch 
refractor  of  the  Lick  Observator}',  from  June  1902  to  January 
1903.  During  this  period  the  star  faded  in  brightness  from  3.8 
to  9.0  magnitude.  The  first  photograph  of  the  spectrum  was 
obtained  about  three  weeks  after  the  predicted  time  of  maximum, 
and  a  series  of  plates  was  secured  covering  the  interval  to  mini- 
mum. No  negatives  were  obtained  after  the  star  had  again 
begun  to  increase  in  brightness. 

The  most  important  articles  concerning  the  spectrum  of  Mira 
are  those  of  Vogel,''  Sidgreaves,^  and  Campbell.*  Neither  Vogel 
nor  Sidgreaves  followed  the  star  long  enough  to  find  much 
change  in  its  spectrum,  and  Campbell's  work  was  mainly  in  con- 
nection with  observations  of  the  star  for  radial  \'elocity,  with 
the  Mills  spectrograph. 

INSTRUMENTS    AND     METHODS. 

The  spectrograph  used  in  my  observations  was  the  one 
employed   by   Messrs.  Campbell   and  Wright   in   their  work   on 

' "  Dissertation  in  Partial  Fulfillment  of  the  Requirements  for  the  Degree  of  Doctor 
of  Philosophy  in  the  University  of  California,"  Lick  Observatory  Bttllelin  No.  41. 

'  II.  C.  Vogel,  "  Ueber  das  Spectrum  von  Mira  Ceti"  Sitstmgsberichle  der  Berliner 
Acad.,  p.  143,  1896. 

3\Valtf.r  Sujgreaves,  "The  Spectrum  of  0  Ceti  &%  Photographed  at  Stonyhurst 
College  Observatory,"  Monthly  Notices,  58,  344,  April  1898. 

*  W.  W.  Campbell,  "  Note  on  the  Spectrum  of  0  Ceti,"  Astroi'HYsical  Journal, 
g,  31,  January  1899. 
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Nova  Persci.^  designated  as  "Spectrograph  I."  It  is  the  regular 
Mills  spectrograph  converted  into  a  one-prism  instrument.  It 
gives  good  definition,  on  the  same  photograph,  of  the  region 
from  ^.3700  to  X5600.  The  length  of  this  range  of  spectrum  is 
28mm.  Although  this  dispersion  is  only  about  one-fifth  of  that 
of  the  three-prism  instrument,  it  is  enough  to  yield  a  very  fair 
determination  of  velocity. 

When  the  seeing  is  good,  an  exposure  of  ten  minutes  will 
give  a  satisfactory  negative  of  a  star  to  which  the  Draper  Cata- 
logue assigns  the  photographic  magnitude  5.0.  If  o  Ce/i  were 
of  about  the  tenth  photographic  magnitude  at  minimum,  it  would 
require,  roughly,  an  exposure  df  one  hundred  times  as  long  as  a 
fifth-magnitude  star,  or  about  sixteen  hours.  Some  of  the  light 
being  in  bright  lines,  we  should  expect  a  still  longer  exposure 
to  be  necessar}'.  This  estimate  agrees  with  mv  experience. 
About  July  1,  ig02,  an  hour's  exposure,  just  before  daylight, 
could  be  made  on  the  star,  and  it  was  bright  enough  to  photo- 
graph in  that  time.  An  exposure  of  six  hours  at  the  time  of 
minimum,  using  the  fastest  photographic  plate  obtainable,  was 
not  sufificient  to  produce  a  measurable  image,  although  much 
could  be  seen  in  a  qualitative  way.  On  January  5,  1903,  the 
date  of  my  last  negative,  an  exposure  of  five  hours,  beginning 
soon  after  sunset,  was  possible.  Early  in  March  1903,  the 
spectrum  was  again  bright  enough  to  record  itself  with  a  fairly 
short  exposure;  and  in  the  absence  of  the  writer,  Messrs.  Reese 
and  Curtis  were  read}'  to  make  an  attemj)t,  but  bad  weather 
prevailed. 

A  Huggins  reflecting  slit  is  used  with  this  instrument.  A 
ninth-magnitude  star  can  be  followed  accurately. 

No  flexure  of  the  instrument  was  noticed  on  any  of  the 
earlier  plates.  The  comparison  spectrum  was  inserted  at  least 
four  times  during  each  exposure,  and  the  definition  was  satis- 
factory. Several  long  exposures  in  September  and  October 
were  imperfect,  but  the  trouble  was  finally  removed  by  taking 
greater  precautions  in  tightening  the  various  clamps  and  screws. 

As    there    were    no    means    of    controlling    electrically    the 

'  Z.  O.  Bulletin  No.  8. 
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temperature  of  the  instrument,  changes  of  temperature  must 
have  effected  the  definition.  The  spectrograph  when  in  use  was 
covered  with  two  thicknesses  of  woolen  blanket. 

The  same  emulsion  of  Cramer's  "Crown"  plates  was  used  for 
most  of  the  work.  A  few  exposures  in  July  and  August  were 
made  on  Cramer's  "  Isochromatic  Instantaneous,"  but  the 
"Crown"   plates  were  more  sensitive. 
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All  of  the  plates  taken  in  this  work  were  measured  and 
reduced  with  the  iron  spark-spectrum  as  comparison.  From  the 
ultra-violet  to  A.4415  there  are  many  strong  and  sharp  iron  lines. 
From  X4415  to  X5600  the  iron  lines  are  fainter,  and  many  of 
them  have  companions.  The  region  from  \ 4800  to  \  5600  of 
the  iron  spectrum  was  photographed  with  three  prisms.  It  was 
found  that  there  were  several  lines  in  this  region  which  had  no 
companions,  and  which  could  be  used  without  hesitation.  Close 
double  lines  were  assumed  to  have  positions  depending  upon  the 
relative  intensities  of  their  components. 

The  plates  were  measured  with  one  of  the  measurinor  micro- 
scopes  in  use  for  the  regular  line  of  sight  work.  Each  plate 
was  measured  with  both  violet  left  and  violet  right  in  the  eye- 
piece. 

A  plate  of  the  sky  was  taken  with  a  very  long  slit  and  the 
amount  of  the  curvature  of  the  comparison  lines  was  determined 
in  the  same  manner  as  by  Campbell.'  The  curvature  corrections 
were  found  to  be  insignificant. 

The  reductions  from  micrometer  readings  to  wave-lengths 
were  based  on  the  Cornu-Hartmann  formula,  much  of  the  com- 
putation being  done  with  a  Brunsviga  calculating  machine.  The 
wave-lengths  of  the  comparison  lines  were  taken  from  Rowland's 
table.  The  example  on  page  343  shows  the  complete  reduction 
of  a  plate  after  the  constants  of  the  formula  had  been  derived. 
Italicized  figures  are  used  for  the  comparison  lines. 

DATA    OF    THE    OBSERVATIONS. 

In  Tabic  II  is  given  a  list  of  the  plates  secured  with  Spectro- 
graph I.  Mr.  Wright  obtained  three  plates  in  1901,  and  he 
kindly  turned  them  over  to  me  for  measurement  and  discussion. 
The  width  of  the  slit  is  expressed  in  terms  of  the  divisions  on 
the  head  of  the  screw,  one  division  corresponding  to  0.025mm. 
One  plate,  taken  on  September  16,  was  discarded  on  account  of 
great  flexure  during  the  exposure.  Something  of  interest  was 
found  on  all  other  plates,  except  57  A. 

The  brightness  of  the  star  at  the  time  when   each  plate  was 

■AsTROPHYSiCAL  Journal,  8,  144,  1898. 
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taken  is  shown  in  Fig.  i.  The  observations  of  visual  magnitude 
are  given  at  the  end  of  this  paper.  As  the  plates  are  well 
distributed  along  the  light  curve  until  about  the  time  of  the 
minimum,  no  great  change  in  the  spectrum  could  have  escaped 
observation. 

ABSORPTION    SPECTRUM. 

•As  is  well  known,  o  Ceti  and  the  other  long-])eriod  variables 
have  absorption  spectra  of  Secchi's  third  type.  Some  observers 
have  found  the  region  from  //7  towards  the  red  crossed  by  a 
series  of  dark  bands,  with  edges  sharp  towards  the  violet,  and 
they  report  that  from  H^y  to  the  ultra-violet  the  dark-line  spec- 
trum is  very  similar  to  that  of  the  Sun.  At  first  glance  this 
seems  to  be  verified  b}'  my  plates,  but  a  closer  study  shows  the 
details  to  be  very  different.  Fig.  2  shows  an  eightfold  enlarge- 
ment of  the  solar  spectrum,  photographed  with  Spectrograph  I 
on  a  lantern-slide  plate.  The  absorption  spectrum  of  the  star, 
Figs.  3-6,  is  seen  to  resemble  little  that  of  the  Sun.  The  date 
of  Fig.  4  should  be  August  11,  instead  of  August  4,  as  is 
printed. 

In  comparing  the  star  spectrum  with  the  solar  spectrum,  it 
was  not  found  best  simph^  to  measure  the  plates  and  then  look 
for  coincidences  in  Rowland's  table.  It  is  easy  to  find  a  line  in 
the  table  which  agrees  in  position  with  the  one  on  the  plate,  but 
the  intensities  may  be  very  different.  The  method  adopted  was 
to  compare  a  plate  of  0  Ceti  with  one  of  the  sk}*.  The  two 
negatives,  film  sides  together,  were  examined  under  the 
microscope  with  a  low  power. 

The  strong  calcium  lines  g,  H,  and  K,  are  present  in  the 
spectrum  of  the  star,  the  ^  line  being  much  more  intense  than  in 
the  solar  spectrum.  The  strong  iron  lines  of  the  Sun  are  not  so 
prominent  in  o  Ceti;  in  fact,  they  do  not  show  with  low 
dispersion.  Of  the  large  number  of  lines  in  the  star  spectrum, 
there  are  very  few  which  coincide  with  lines  of  like  intensity  in 
the  solar  spectrum. 

The  absorption  spectrum  of  Hfira  was  measured  accurately  on 
seven  plates.  Each  plate  was  measured  and  reduced  independ- 
ently, so  that  a  faint  line  might  be  measured  on  one  plate  without 
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being  noticed  on  any  of  the  others.  This  does  not  mean  that  it 
had  developed,  or  that  its  intensity  had  changed.  Such  lines, 
of  which  many  were  measured,  could  be  easily  obscured  by  an 
irregular  arrangement  of  the  silver  grains.  The  best  method  of 
verifying  changes  is  to  examine  different  plates  simultaneously, 
in  pairs,  under  the  microscope.  This  has  been  done,  and  all 
changes  in  intensity  or  character  have  been  noted. 

T.\BLE  a. 
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Crown 

1.4 

Poor 

4E 

27 

22     46 

0   03 

3.8 

Crown 

1-4 

Poor 

7C 

July     6 

22     47 

I    15 

41 

Crown 

1-4 

Good 

8D 

6 

23     28 

0    OS 

41 

Crown 

1-4 

Good 

9E 

6 

23     35 

4-1 

Crown 

Good 

13E 

16 

23     07 

2      00 

4.6 

I  so. 

1-4 

Fair 

uF 

j6 

0  05 

4.6 

Iso. 

Fair 

Shows  bright  lines  only 

18F 

22 

23       22 

2       30 

5' 

Iso. 

1-4 

Fair 

21 F 

29 

23       30 

2       40 

53 

Iso. 

1-4 

Fair 

25F 

Aug.     4 

0      07 

3     00 

54 

Iso. 

'■4 

Good 

26  D 

4 

I       44 

0      07 

5-4 

Crown 

Good 

Shows  bright  lines  only 

27D 

0       58 

=     35 

5-6 

Crown 

1-5 

Fair 

28  D 

=5 

0     53 

2     35 

6.4 

Crown 

r.5 

Poor 

33D 

Sept.    6 

0     45 

3    00 

70 

Crown 

r.5 

Poor 

39D 

22 

4     40 

71 

Crown 

1.6 

Poor 

Flexure  during  the  exposure 

42A 

Oct.      4 

I     47 

S     53 

7-8 

Crown 

1.8 

Fair 

Slight  flexure 

48A 

26 

4     10 

5     40 

8.5 

Crown 

1.8 

Fair 

Flexure 

S4A 

Nov.  25 

3     1° 

5     00 

9.2 

Crown 

2-5 

Poor 

i7A 

Dec.  21 

3     18 

s   25 

9.0 

Crown 

3-0 

Poor 

Nothing  found  on  this  plate 

58A 

1903 

3     12 

5     17 

9.0 

Crown 

30 

Poor 

59A 

3 

3    36 

4     51 

9.0 

Crown 

2.5 

Fair 

22IlC 

Aug.    3 

I     »5 

0     20 

Iso. 

r.2 

Good 

22I2D 

3 

I     32 

0     03 

Iso. 

1.2 

Good 

Bright  lines  only 

2235U 

17 

I     26 

Iso. 

1-3 

In  Table  III  are  given  the  wave-lengths  of  the  absorption 
spectrum  as  derived  from  all  the  measures.  The  numbers 
expressing  the  intensity  indicate,  in  a  general  way,  the  relative 
strength  of  the  lines.  It  was  intended,  on  each  plate,  to  assign 
intensity  I  to  the  faintest  lines  distinguishable,  and  intensit)'  10 
to  the  strong  line  at  X4255.  On  this  scale  the  g,  H,  and  K 
lines  might  be  100  or  500,  it  matters  little.  The  intensities 
assigned  are  merely  relative,  and  no  doubt  the  scale  varies  much 
in  different  parts  of  the  spectrum.     The  lines  on  each  plate  were 
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TABLE  III. 
Absorption  Spectrum  of  o  Ceti. 


5  wide 
5  wide 
2  fine 


5  wide 

4  wide 

5  wide 
5 

2  fine 
4 

4  wide 

5  wide 


4  wide 

5  wide 
3  wide 
2  wide 


7 

I  fine 


3 

2  fine 


4  wide 

5  wide 

2  fine 
7  wide 
4  wide 

3 

I  fine 

5 

3 

3  fine 
4 

5 
5 

4  fine 
4  fine 


3936- 

3945- 

3949- 

3951- 

3957- 

3958. 

3962. 

396g. 

3980. 

39S3.18 

3990.64 

3997-61 

3999-72 

4005.6- 

4009.63 

4010.04 

4012. 18 

4018. QI 

4021 .41 

4025.08 

4027.68 

4030. 16 

4032.22 

4034.04 

4035-71 

4036.22 

4045.16 

4047.02 

4043 -  — 

4050. — 

4053-25 

4055-71 

4058.14 

4060.43 

4064. — 

4068.24 

4072. 

4072 

4077 

4079 

4083 

40S8, 

4091 

4093 

4007 

4100, 

4105 

411C 

4112 

41 16. 

4117, 

4117. 

4119. 


25F      27D      28D    2235  D 


K  line  of  Sun,  very  strong.  Ad- 
jacent bright  lines  interfere 
with  measurement  of  \ 


H  line  of  Sun,  very  strong.  Ad- 
jacent bright  lines  interfere 
with  measurement  of  X 


Perhaps  several 
Perhaps  several 


Several  lines  run  togethe 


(  Too  wide  and  faint  to  measure. 
\      Probably  several 
(  Too  wide  and  faint  to  measure. 
\      Probably  several 

(  On   plates  7C,  13E  and  2235D 
\      these  two  lines  run  together 
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TABLE  III.—  Continued. 
Absorption  of  Spectrum  of  o  Ceti. 


Residuals  in  0. 

01  t  m 

Remarks 

A 

7C 

13E 

18F 

25F 

=7D 

28D 

!23SD 

4  fine 

4121.44 



4  fine 

4122.62 

— 

6 

4124.66 

01 

21 

"i 

02 

ob 

2  fine 

4126.99 

— 

3 

4129.04 

— 

3 

4130.60 

04 

OS 

4  fine 

4133-00 

— 

5 

4135-32 

n 

OS 

12 

10 

17 

15 

3 

4137-77 

II 

// 

2 

4140.96 

00 

01 

4  wide 

4I44-— 

— 

— 

— 

— 

3 

4150.73 

12 

12 

3 

4153-40 

04 

01 

04 

3 

4156.78 

12 

II 

4 

4160.89 

— 

3 

4165.82 

— 

Poor 

3 

4169.27 

17 

00 

18 

3 

4173-56 

— 

7 

4175-41 

II 

28 

01 

03 

^3 

05 

4 

4178.32 

10 

n 

07 

lb 

23 

04 

2 

4180.96 

08 

07 

3 

4183-73 

— 

4  wide 

4188.17 

16 

14 

23 

26 

5  wide 

4191.79 

01 

08 

07 

08 

30 

32 

3 

4199.79 

— 

2  wide 

42II .  19 

^7 

27 

Poor 

4  wide 

4214.86 

12 

II 

4227.84 

00 

28 

— 

10 

18 

— 

e  line  of  Sun,  very 

strong 

5 

4235-37 

10 

04 

07 

3 

4242.82 

0? 

04 

3 

4251.60 

02 

II 

10 

10 

I 

425546 
4259.64 

06 

33 

08 

2b 

ob 

01 

I  wide 

4261 .87 

— 

Poor 

4 

4273-15 

02 

00 

02 

8 

4275-84 

00 

17 

Ob 

03 

04 

ob 

5 

4285.28 

6 

4290.72 

22 

13 

03 

11 

17 

2  fine 
I 

4292.45 
4295.07 

z 



2  fine 

4297.56 

— 

3 

4300. 16 

06 

ob 

2 

4304.06 

— 

3 

4307.23 

02 

12 

15 

3 

4310-57 

07 

ob 

4314-29 

00 

00 

01 

00 

Head 

2  fine 

4320.03 

— 

3 

4326.97 

06 

to 

05 

2 

4331-13 

— 

2 

4348-12 

— 

4353-60 

18 

08 

06 

— 

— 

18 

Head 

4 

4380.31 

0? 

ob 

25 

35 

5 

4385-49 

12 

09 

04 

14 

09 

02 

4 

4390.71 

22 

02 

'4 

11 

2J 

24 

4395-89 

24 

24 

'3 

~ 

~~ 

3b 

Head 
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TABLE   \\\.— Continued. 
Absorption  of  Spectrum  of  o  Ceti. 


Intensity 

Observed 
A 

Residuals  in  0.1  t.m. 

7C 

13E 

18F 

25F 

27D 

28D 

==35D 

4 

4  wide 
3  wide 

2 

4 

5 

10 

4422.4 

4461 . I 

4463.0 

4505-7 

4514-7 

4519-8 

4530-7 

4536.8 

4548.8 

4585.0 

4626.8 

4669.6 

4709.2 

4714.2 

4739-5 

4760.0 

4804.2 

4842.8 

4954-1  ■ 

5167.0 

5308.3 

5358.8 

5439-4 

5447-9 

5498.0 

5568.7 

■ 

2 

4 
0 

2 

4 

2 

I 
I 
2 

4 

I 

2 
0 

2 
2 

2 

I 

/ 
/ 

3 
2 
I 
4 
3 
0 

2 

4 
4 

3 

■   8 

0 

r 

2 
2 

I 

4 

3 
2 

5 

I 
3 

3 

3 

2 

7 

1 

I 
3 

4 
6 

3 

I 

I 
4 

0 

2 

4 

[2 

0 

4 

5 

3 
2 
1] 

3 
b 
5 
2 
0 

I 

0 

I 

6 
3 
0 
6 
3 

4 
5 

I 

0 

5 

5 

Head 

Head 
Head 

Head 
Head 
Head 
Head.     Measure  of  Plate   2SD 

rejected  for  discordance 
Head 

Head 
Head 
Head 
Head 
Head 
Head 
Head 
Head 
Head 
Head 
Head 

assigned  intensities  when  the  plate  was  measured;  and  when  the 
different  results  were  brought  together,  a  sort  of  mean  of  the 
estimates  was  taken  for  each  line.  Where  the  estimates  did  not 
agree  well,  the  line  was  compared  directly  on  two  or  more  plates 
to  see  if  any  change  had  taken  place. 

The  residuals  in  the  table  were  formed  by  subtracting  the 
mean  wave-lengths  from  the  values  given  by  each  plate.  All 
plates  were  assigned  equal  weight  in  forming  the  means.  Periods 
(....)  signify  that  when  the  plate  was  measured  nothing  was 
noticed  in  the  spectrum  at  that  place.  A  dash  ( — )  denotes 
that  the  line  was  observed,  but  could  not  be  measured  accurately. 
When  a  line  was  measured  on  only  one  plate  there  is  no  residual, 
and  the  dash  indicates  the  plate  referred  to. 

Plate    18F  was  measured   only  from  X4300  towards  the  red. 
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The  comparison  on  7 C  being  underexposed  to  the  red  of  X4415, 
the  plate  was  not  measured  in  that  region. 

From  the  residuals  in  Table  III  it  is  found  that  the  probable 
error  of  the  wave-length  of  a  dark  line  derived  from  one  plate  is 
±0.10  tenth-meter.  When  a  line  was  measured  on  six  plates, 
the  probable  error  of  its  mean  position  is  therefore  ±0.04  t.m. 
In  computing  the  probable  error,  the  residuals  from  all  lines  to 
the  violet  of  X4400  were  used. 

Many  of  the  lines  being  broad  or  unsymmetrical  and  difficult 
to  measure,  the  residuals  from  different  plates  are  not  larger  than 
would  be  expected.  While  the  agreement  of  the  results  with 
each  other  is  not  a  test  as  to  systematic  errors,  yet  I  feel  sure 
that  the  wave-lengths  of  but  few  of  the  dark  lines  measured  on 
several  plates  can  be  in  error  by  as  much  as  0.2  t.m. 

A  glance  at  the  residuals  shows  that  there  is  no  evidence  of 
variable  velocity  in  the  line  of  sight.  Those  from  Mr.  Wright's 
plate  No.  2235  D,  which  was  taken  in  1891,  indicate  that  the 
velocity  was  about  the  same  during  the  corresponding  phase  of 
the  star's  light  curve,  a  year  previous.  The  residuals  for  each 
plate  have  been  averaged ;  and  if  there  were  any  change  in  the 
velocity  it  would  appear  in  the  mean  residuals.  The  arithmetical 
means  of  the  residuals  to  the  violet  of  X4400,  and  the  corre- 
sponding velocities  in  kilometers  per  second,  are  as  follows  : 


Date 

Plate  No. 

t... 

km 

igo2,  July      6 

7C 

4-0.02 

+  1 

16 

I3E 

-|-o.o6 

+4 

Aug.    4 

25  F 

—  0.03 

—  2 

II 

27  D 

—  0.02 

—  I 

25 

28  D 

—  0.03 

—  2 

igoi,  Aug.  17 

2235  D 

4-0.02 

-fl 

Since  many  of  the  lines  were  not  measured  on  all  of  these 
plates,  the  average  residual  of  one  plate  is  not  strictly  the  aver- 
age deviation  of  the  measures  on  that  plate  from  the  mean  of  all 
the  plates,  but  no  sensible  error  is  introduced  by  this  assumption. 
When   it   is   remembered   that   all    lines,   good   and   poor,   were 
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included  in  the  means,  and  that  these  plates  were  taken  with  a 
one-prism  instrument  giving  a  dispersion  of  but  one-fifth  of  that 
of  the  regular  Mills  spectrograph,  the  range  of  only  6  km  on  six 
plates  is  very  satisfactory.  None  of  the  plates  taken  later  in 
1902  are  good  enough  to  afford  comparable  conclusions  as  to 
the  velocity;  and  it  was  thought  best  to  measure  only  first-class 
plates  in  this  connection. 

The  result  that  the  star's  velocity  was  constant  over  a  certain 
period  was  derived  without  assuming  the  coincidence  of  any  of 
the  star  lines  with  lines  of  the  solar  spectrum,  or  with  other 
known  lines.  A  determination  of  the  actual  radial  velocity 
requires  an  assumption  as  to  what  the  wave-lengths  of  the  star 
lines  would  be  if  they  were  not  affected  by  velocity.  Agree- 
ments of  star  and  solar  lines  were  looked  for,  by  direct  compari- 
son of  the  star  plates  with  a  solar  plate,  and  the  only  coincidences 
which  seem  certain  are  given  in  Table  V.  The  wave-lengths  and 
other  data  of  the  solar  lines  are  from  Rowland's  table. 

The  H  and  K  lines  could  not  be  measured  accurately;  the 
double  manganese  line  at  X4030.92  gives  a  discordant  result, 
which  was  rejected,  and  it  looks  as  though  both  a  strontium  and 
a  titanium  line  make  up  a  stellar  line  at  \4079.51.  The  velocity 
of  +  66  km  was  therefore  derived  from  measures  of  only  six  lines, 
and   none  of  these   are   fine   and  sharp  enough  to  give  the  best 

determination. 

TABLE  V. 
Coincidences  of  Dark  Lines  in  the  Spectra  of  0  Ceti  and  the  Sun. 


0  CM 

Sun 
A 

Displacement 

Velocit}-.  . 
km 

Sun 

Intensity  and 
Character 

K 

Intensity 

Strong 
5  wide 
5  wide 

Strong 
6 
7 
7  wide 

Strong 
10 

8 

3936.— 
.3945.09 
3962.55 

3969 . 6- 
4032.22 
4034.04 

•     4079.51 
4227.84 
4255.46 
4275.84 

.33.82 
44.16 
61.67 
68.62 
30.92 

33-22 

77.88 
78.63 

26.90 

54.50 
74.96 

+0.93 

+0.88 

[+I.30] 
+0.82 

+0.94 
+0.96 
+0.88 

■     +71 
+67 

[+96] 
+61 

+67 

+68 

+62 
Mean  +66  km 

Ca      1000  (K) 
Al          15 
Al          20 
Ca       700  (H) 
Mn  4  and  5 
Fe-Mn    7 
Sr           8 
Ti           3 
Ca          20  {s) 
Cr           8 
Cr           7 
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Campbell  in  1898  found  +62  km  with  the  three-prism  instru- 
ment. The  interval  between  August  29,  1898,  the  date  of  his 
first  plate  that  year,  and  August  25,  1902,  is  equal  to  13b  days 
more  than  four  periods  of  331  days.  The  radial  velocity  has 
therefore  been  observed  to  be  constant  over  about  two-fifths  of 
the  period  of  light  change. 

To  determine  more  coincidences,  I  have  measured  one  of  the 
high-dispersion  plates  of  o  Ceti,  taken  by  Dr.  Campbell  in  1897. 
Although  the  plate  is  underexposed,  about  seventy  lines  were 
measured  between  X4300  and  X4420,  and  more  than  twenty 
coincidences  were  found  by  direct  comparison  with  a  solar  plate. 
The  results  are  given  in  Table  VI.  As  was  done  for  the  one- 
prism  plates,  the  intensities  are  expressed  on  an  arbitrary  scale 
of  10. 

T.A.BLE  VI. 
Absorption  Spectrum  of  o  Ceti.     High  Dispersion.     Plate  576  B.    December  15,  1897. 


0  Ceti 

Sun 
K 

Dis- 
place- 
ment 

Velocity 
km 

Intensity  and 
Character 

A 

U299.7- 
\  4300.8- 
4301.58 
4302.17 
4303-56 
4307.10 
4308.16 
4308.94 
4310.83 
4312.90 
U3I5-2- 
U316.1- 
4319-77 
4325-93 
4326.85 
4327.96 
4328.69 
4329-53 
4330-30 
4331 -'3 
4333-92 
U334-68 
(4335-29 
4335-91 
4336-38 
4337-07 
4338.16 

, 

Several 

\  Narrower  in  0 

3 

3 

2 

5,  double?. 

3 

\ 

02.69 

+o".87 

+60.6 

\  Closer  double  in  0 

C«4 
Not  0 

Not  0 

07.91  Ca  3,  08.08  Fe  6 
Not  0 

4 

Not  0 

)    XT          ^ 

Several 

f  Not  0 

2 
Bright  place 
6 

18.82 

+0-95 

+65 -9 

Ca,  Mn?  4 

25-94 

+0-91 

+63-0 

/V8 
Not  0 

I 

Not  0 

Not  0 

Not  0 

5 

5 

30-19 

32-99 

-1-0.94 
+0.93 

+65.0 
+64.4 

^°  1  Stronger  than  in  O 

Several 

1  Not  0 

\  2 

\ 

>  Possibly  weak  lines  in  O 

Not  0 

2 

37-22 

+0.94 

+65.0 

Fes 
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TABLE  Wl.— Continued. 


Poor     2 
Head  of  band 


Poor     I  wide 


Several  to  violet  of 

Bright  place 

5 

I   wide 

I   wide 


7  double? 

5 


10 
Several  to  violet  of 

4 
Head  of  band 


4338-61 
4339-11 
4345-56 
4348.27 
4352.16 
4352-90 

4353-7- 

4353-91 

4356-97 

4349-70 

4360-12 

4360-65 

4361.7 

4363-05 

4365-56 

4367.10 

4367-87 

4369.07 

4370.48 

4371-23 

4372.22 

4373-17 
4376.4 
4376.68 

4377-06 
4378-06 
4379-17 
4380.27 
4383.67 
4384.62 
4385.90 
4390-26 
4391.06 
4392.76 
4396.20 
4401  61 
4405.89 
4407.02 
4407-7 
4408.70 
4409.41 
4416.7- 
4417-59 
.4422-5- 


+0-S9 


44-67 


+0.89 


51  .22 
51-93 


+0-94 

+0.97 


76.11 


83-72 

S9-41 
90-15 
91-92 

00-74 
04-93 


16-64 


+61-5 


+61.4 


+64.8 
+66.8 


lihi.«,] 


+0-95 


+0.87 


+0.90 


+0.85 
+0  91 
+0- 


+0.87 
+0.96 


+0.91 


+0.95 


+65- 


+59-5 


+6i-fi 


+58 

+62.2 

+57-4 


+59-2 
+65-3 


+61-9 


+64.4 


Mean  of  20  lines  +62.7  km 


03 
Not  O 
Cr  4 
Not  G 

Cr-i 

Not  0 .     Mean  of  4  plates  with 

one  prism  4353.6 
Fe  4.     This  line  always  gives  + 
'      residua!  in  other  stars 
Perhaps  0,  not  certain 


[All  weak  lines  in  star 
I  No  coincidences  certain 


Not  G 
Not  O 
Not  0 
(71. 1.4   Zr    I,   71.22    —I,    71.44 

Cr  4)  same  appearance 
Not  0 

Different  in  G 
Not    0.     This  develops  into  a 

bright  line 
Fet 


Different  in  © 

Vi. 

Not  0 

Fe  15 

84.87  K  3,  85.14  Crz 

Fe  2  \ 

V  2\  Stronger  in  star  than  in  0 
Cr  I  ) 

95.20  7i'3,  95.41   V  2 

Vi 

Fe  ID 

Not  G 

V2 

07.81  V  2,  07.87  Fe  ^ 

08.36  V2.  0S.58  Fe  3,  08.68  V2 

Different  in  G 

V  o.    Stronger  in  star  than  in  G 
Not  0.     Mean  of  6  plates  with 

I  prism,  4422.4 
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A  comparison  of  Table  VI  with  the  corresponding  part  of 
Table  III  is  a  test  of  the  reliability  of  the  results  obtained  with 
one  prism. 


TABLE  VII. 


One  Prism 

Thbee  Prisms 

Description 

k 

A 

Descriplion 

3" 
2 

3 
3 

Head 

2 
3 
2 
2 
Head 
4 
5 

4 
Head 
Head 

4300. 16 
4304.06 
4307-23 
4310-57 
4314-29 
4320.03 
4326.97 
4331-13 
4348.12 
4353-6- 
4380.31 

4.385-49 

4390-71 

4395-89 
4422.4- 

'i  99-7- 
?oo.8- 
07.  10 
10.83 

19.77 

26. 85 

31-13 

48.27 

53-7- 

80.27 

^  84.62 

? 85-90 

(90.26 

\  91-06 

22.5- 

<  Several 
Not  measured 
5 
4 

Not  measured 
2 
6 
5 
4 

Head 
10 
6 
7 
5 
4 

Not  measured 
Head 

As  might  have  been  expected,  many  lines  observed  as  single 
with  one  prism  are  really  made  u[)  of  two  or  more  components. 
This  comparison  also  shows  that  the  wave-lengths  of  Table  III 
are  probably  not  quite  so  accurate  as  the  residuals  indicate. 

A  brief  summary  of  the  number  of  dark  lines  of  different  ele- 
ments observed  in  the  spectrum  may  be  of  interest. 

TABLE   VIII. 
Element  No.  of  Lines 

Ca         ------  6 

Fe  -  -         -         -  -         -  II 

Cr  ------  9 

V  -----         -  II 

Al  ■----■  ^ 

Sr  -----         -  I 

Afn        -         -         -         -         -         -  3  /  , 

Ti  -----         -  2  i  ■ 

There  can  be  no  doubt  of  the  presence  of  the  first  four  ele- 
ments   in  the  list,  and    the  'aluminum    and   strontium    lines  are 
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prominent ;   but  manganese  and  titanium  must  be  considered  as 
doubtful. 

On  account  of  the  varying  instrumental  conditions  it  is  easy 
to  fall  into  error  in  judging  as  to  changes  in  the  intensity  and 
character  of  dark  lines.  If  all  the  negatives  were  of  the  same 
density  and  of  uniform  excellence,  it  would  be  easy  to  note  such 
changes.  There  is  one  dark  line  which  showed  changes  of 
which  the  reality  is  certain.  This  is  the  g  calcium  line  at 
X4227.84.  Figs.  3-5  show  how  it  broadened  as  the  star  grew 
faint.  Measures  of  its  width  are  necessarily  rough,  and  must 
depend  much  upon  the  judgrpent  of  the  observer.  The  measures 
of  two  plates  are  as  follows  : 


Date 

Plate 

Width 

1902,  June  27 

September  6 

2  B              2  t.m. 
33  D            9  t.m. 

Other  plates  taken  between  these  dates  gave  intermediate 
values.  The  intensity  of  continuous  spectrum,  in  the  neighbor- 
hood of  \4227,  is  almost  the  same  on  Plates  2  B  and  33  D. 

The  general  impression  formed  from  examining  the  series  of 
plates  is  that  many  other  lines  also  grew  broader  as  the  bright- 
ness declined,  but  this  is  not  certain.  The  effects  of  greater 
width  of  the  slit,  reduced  intensity  of  the  resulting  negative,  and 
flexure  and  temperature  changes  resulting  from  longer  exposure, 
would  all  tend  to  make  the  lines  wider  and  less  sharply  defined- 
The  H  and  K  lines  are  not  shown  on  most  of  the  plates,  and 
nothing  can  be  said  as  to  changes  in  their  character. 

A  few  lines  not  visible  on  the  early  plates  became  prominent 
later.      Four  such  lines  have  the  following  positions: 


X3QQ0.64 
4045.16 


X  4093.5  5 
4097.08 


Lines  of  the  solar  spectrum  which  certainly  coincide  with  these 
have  not  been  found.  The  residuals  in  Table  III  indicate  when 
these  lines  first  appeared. 
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BANDS. 

The  prominent  bands  in  the  spectrum  ol  Mira  have  been  con- 
sidered by  some  observers  as  a  series  of  dark  bands,  with  sharp 
edges  towards  the  violet,  and  shading  off  toward  the  red.  Others 
think  them  to  be  bright  flutings  like  those  of  the  arc  spectrum 
of  carbon.  For  convenience,  they  will  be  considered,  in  this 
paper,  as  dark  absorption  bands.  On  the  plates  of  o  Ceti  and 
other  third-type  stars  taken  with  Spectrograph  I  the  bright  por- 
tions of  the  banded  spectrum  are  certainly  brighter  relative  to 
the  region  above  H'^,  where  there  are  no  bands,  than  are  the  cor- 
responding portions  of  the  spectrum  of  a  solar-type  star.  How- 
ever, the  dark  portions  are  fainter  than  the  same  places  in  the 
solar  type  of  spectrum. 

In  measuring  the  plates  the  micrometer  wire  was  set  on  the 
division  between  a  dark  and  a  bright  portion  of  the  spectrum,  so 
that  the  measurements  remain  the  same  whether  the  bands  be 
considered  as  bright  or  dark.  While  the  line  of  separation  is 
probably  sharp  in  most  cases,  its  e.xact  position  is  not  easy  to 
determine.  No  doubt  the  effect  of  irradiation  plays  an  impor- 
tant part  in  direct  visual  observations.  Since  the  bands  con- 
sidered as  bright  have  their  sharp  edges  towards  the  red,  the 
effect  of  irradiation  would  be  to  make  the  observed  wave-lengths 
of  the  heads  too  large.  Corresponding  to  this  visual  error  is  the 
effect  of  spreading  of  the  image  on  a  photographic  plate,  caus- 
ing an  error  in  the  same  direction,  and  a  slight  allowance  was 
made  for  it  in  executing  the  measures.  At  my  request.  Dr. 
Reese  made  several  settings  on  the  head  of  a  band.  The  differ- 
ence between  his  measures  and  mine  was  0.3  t.m.,  my  estimate 
being  that  much  farther  to  the  red.  Although  this  was  the  only 
comparison  made  with  another  observer,  it  seems  highly  improb- 
able that  two  persons  should  disagree  by  as  much  as  one  tenth- 
meter  in  the  measurement  of  a  sharply  defined  head. 

No  attempt  was  made  to  determine  the  position  of  the  more 
diffuse  ends  of  the  bands.  In  many  cases  the  intensity  changes 
gradually  from  head  to  head,  there  being  heavy  absorption  at 
the  sharp  edge,  the  spectrum  growing  uniformly  brighter  to  the 
next  line  of  demarcation. 
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Sidgreaves,  on  comparing  the  spectrum  of  o  Ceti  with  that  of 
a  Hcrcjilis  and  other  third-type  stars,  found  a  difference  in  the 
wave-length  of  the  same  band  in  different  stars.  For  the  head 
at  X5447  in  o  Ceti,  he  found  the  position  of  X5458  in  a  Heratlis, 
and  intermediate  values  for  a  Ononis  and  /3  Pegasi.  He  suspected 
these  discrepancies  to  be  due  to  instrumental  causes,  but  of  this 
he  was  not  certain.  His  work  being  done  with  an  objective 
prism,  he  had  no  comparison  spectrum  with  which  to  test  the 
reality  of  the  observed  differences. 

Along  with  the  work  on  o  Ceti  m  1902,  plates  were  taken  of 
a  Herculis,  yS  Pegasi,  p  Persei,  «%  Ceti,  and  a  Orionis.  As  these  stars 
are  all  bright,  the  exposures  on  them  were  comparatively  short, 
from  five  minutes  to  one  hour.  Isochromatic  plates  were  used, 
so  that  a  range  of  spectrum  as  far  to  the  red  as  X5600  was 
covered.  They  were  measured  only  for  the  positions  of  the 
heads  of  the  bands.  In  the  spectrum  of  Mira  there  are  few 
dark  lines  shown  in  the  region  of  the  bands,  but  in  the  others 
many  lines  were  recorded.  Where  there  are  more  lines  the 
bands  are  less  prominent,  and  in  the  case  of  «•  Ceti  and  a  Ononis, 
only  three  bands  could  be  measured.  All  of  these  stars  are  on 
the  regular  Mills  spectrograph  program,  and  their  radial  veloci- 
ties have  been  determined  from  their  dark  line  spectra  in  the 
region  of  H^.  As  the  wave-lengths  of  the  bands  must  be  affected 
by  the  radial  velocities,  it  is  necessary  to  apply  to  each  observed 
wave-length  a  corresponding  correction.  In  Table  X  is  given, 
first  the  observed  wave-lengths  of  the  head  of  each  band,  already 
corrected  for  the  orbital  motion  of  the  Earth.  The  accompany- 
ing correction  is  that  which  must  be  applied  to  each  wave-length 
in  order  to  reduce  it  to  what  it  would  be  if  the  star's  radial 
velocity  referred  to  the  Sun  were  zero.  The  mean  result  from 
the  five  stars  has  been  taken  after  applying  these  corrections. 

All  bands  visible  on  the  plates  were  measured ;  and  if  the 
position  of  a  band  is  not  given  for  a  star,  it  was  not  apparent. 
The  results  for  any  star  are  from  all  the  plates  of  that  star, 
except  in  the  case  of  a  Herculis,  where  one  of  the  plates  was  a 
"Crown"  plate  and  showed  nothing  to  the  red  of  \4954. 

The   results   obtained   by  Sidgreaves,  Vogel,  and  others  are 
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inserted  for  comparison.  The  corrections  given  by  Sidgreaves 
in  Monthly  Notices,  59,  509,  have  been  applied  to  his  first  pub- 
lished wave-lengths.  Vogel's  photographs  did  not  extend  to  the 
red  of  X4800.  The  results  of  visual  observations  of  the  bands  in 
third-type  stars  are  taken  from  Frost's  Scheiner. 

TABLE   X. 
Measures  of  Bands. 


4314 

4353 
4395 
442a 
4463 
4505 
4548 
45S5 
4626 
4669 
4714 

3 
6 
9 

4 

i 

8 
6 

4760 
4804 
4842 

8 

4954 

• 

5167 

° 

5308 
5358 

i 

S439 
5447 
5498 

9 

4583.9 

4625 -7 
4667.1 
4713-6 
4736.6 
4760.0 
4803.5 


+O.S 
—0.5 
j-0.5 

-l-o'l 

+0.5 


5446.9  -1-0.6 
5496.5  -1-0.6 


4584.8 
4626.8 
4667.9 


4761.3 
4804.9 


4954.7  -0.4 


5165.4  4-0.4 


11 
u 

■s 

it 

Cj.2 

> 

1 
3 

> 

4421.5 

4584.4 
4626.3 
4667.6 
4714. I 
4737.1 
4761.0 

4804.6 
4848.4 

4313-4 
435= -7 
4395-0 
4421-5 
4462.1 
4504.8 
4547.9 
4584. J 
4625.8 
4668.6 
4713-2 

4759-0 
4803.2 
4841-8 

4352 
4395 
4421 
4460 
4504 
4546 
4583 
4625 
4669 
4714 
4736 
4758 
4803 
4842 

4892 
4951 
4998 
5046 
5074 
5098 
513s 
5162 
5237 
5306 
5356 
5406 

5447 
5498 

442 
446 
450 
454 

4S8 
462 
466 
47' 

475 

5 
5 

4954  5 

4953-1 

5165.8 

5165.9 

5307-2 
5357-7 

5446.' 8 
5496.8 

5438-3 
5446.8 
5496.9 

Several  objects  measured  as  bands  by  the  writer  were  not 
recorded  by  Sidgreaves;  but  they  are  not  prominent,  and  we 
should  not  expect  different  observers  with  different  instruments 
to  agree  as  to  details.  Sidgreaves  recorded  more  bands  than  I 
did  to  the  red  of  X  4954.  The  plates  taken  with  Spectrograph  I 
are  underexposed  in  this  region,  and  only  the  more  prominent 
bands  show. 

A  comparison  of  the  corrected  positions   for  o  Ccti  with   the 
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means  for  the  other  stars  shows  that  there  is  little  difference  in 
the  wave-lengths,  except  that  due  to  different  radial  v^elocities. 

It  is  interesting  to  note  what  effect  the  application  of  the 
corrections  for  radial  velocities  has  upon  the  agreement  of  the 
results.  Residuals  have  been  formed  bv  subtracting  the  mean 
positions  from  those  of  each  of  the  five  stars.  The  sum  of  the 
squares  of  the  residuals  is  reduced  from  12.34  to  5.46  by  the 
application  of  the  corrections.  This  diminution  of  the  residuals 
shows  the  validity  of  the  assumption  that  the  positions  of  the 
bands  are  the  same  in  the  five  stars  observed,  and  that  the  bands 
in  each  star  have  the  same  disjJacement,  due  to  velocity,  as  have 
the  fine,  dark  lines  in  the  H'^  region. 

However,  the  case  is  not  clear  with  0  Ceti.  The  correction 
for  +  62  km  changes  the  sum  of  the  squares  of  the  residuals, 
obtained  by  subtracting  the  mean  wave-lengths  of  the  other  stars 
from  those  of  the  0  Ceti,  from  10.84  to  10.09.  The  corrections 
change  the  algebraic  sum  of  the  residuals  from  —  5.8  t.m.  to 
—  5.3  t.m.  This  result  is  not  surprising  when  it  is  remembered 
that  all  poorly  defined  bands  were  included  in  forming  the  resid- 
uals. 

Judging  by  the  accordance  of  the  individual  results,  and 
allowing  for  any  chance  of  personal  error  in  the  measures,  it 
seems  unlikely  that  the  position  of  a  sharply  defined  head  of 
band  should  be  in  error  by  as  much  as  one  tenth-meter. 

As  far  as  I  know,  the  identification  of  the  bands  of  the  third- 
type  stars  has  not  been  accomplished.  If  the  division  at  X  5  165.9 
be  considered  as  the  head  of  a  bright  band,  it  is  in  close  agree- 
ment with  the  head  of  the  third  carbon  band  at  \  5 165.3,  as 
measured  by  Kayser  and  Runge.  The  head  at  X  4737.1,  meas- 
ured in  a  Herculis,  may  also  correspond  to  their  fourth  carbon 
band,  X  4737.2.  These  two  coincidences  are  the  only  ones  I 
have  found  and  we  certainly  need  more  evidence  before  drawing 
any  conclusions  from  them. 

VARIATIONS    OF    INTENSITY    IN    THE    CONTINUOUS    SPECTRUM. 

Sidgreaves  found  that  the  continuous  part  of  some  regions  of 
the  star's  spectrum  changed  in  relative  intensity  as  the  star  grew 
fainter.     These  changes   have  been  verified  in  the  present  work. 


SPECTRUM  OF  0  CETI  36 1 

In  order  to  estimate  the  relative  brightness  of  different  parts, 
it  was  necessary  to  have  a  standard  scale  which  should  look  like 
the  spectrum  of  the  star.  An  exposure  on  the  sky  of  about  one 
minute  gives  a  strong  solar  spectrum  not  unlike  that  of  a  solar- 
type  star.  The  telescope  with  Spectrograph  I  attached  was 
pointed  to  the  north  pole  at  about  noon  on  a  clear  da)-,  and  a 
series  of  twenty-five  plates  with  carefully  timed  exposures  vary- 
ing from  l^  to  80'  was  taken.  These  plates,  all  of  the  same  emul- 
sion, were  developed  simultaneously  in  the  same  tray,  so  that  all 
would  receive  the  same  photographic  treatment.  The  i''  expos- 
ure gave  a  faint  image  and  the  80^  an  overexposed  one.  As  on 
any  one  plate  the  amount  of  the  silver  deposit  varies  in  different 
parts  of  the  spectrum,  the  region  between  the  iron  lines  at  ^4046 
and  X4072  was  adopted  as  standard. 

These  plates  were  used  for  the  purpose  of  comparing  the 
intensities  on  different  plates  of  0  Ceti  and  also  on  different  parts 
of  the  same  plate.  The  method  of  using  the  scale  plates  was  as 
follows:  The  plate  of  the  star  was  placed  film  up  on  the  table 
of  the  measuring  microscope.  The  different  scale  plates  were 
then  successively  placed  film  down  on  the  star  plate  and  viewed 
with  a  low  power.  The  scale  plate  whose  spectrum  equaled  the 
star  spectrum  in  density  was  selected,  and  the  number  of  seconds 
which  it  had  taken  to  produce  the  image  on  the  scale  plate  was 
called  the  intensity  of  the  star  spectrum.  Of  course,  the  lines  in 
the  star  spectrum  interfered  with  the  estimates,  but  it  was  usually 
possible  to  find  a  space  where  there  were  apparently  no  absorp- 
tion lines.  In  all  cases  the  darkest  patch  of  spectrum  in  the 
immediate  vicinity  on  the  negative  was  used. 

Since  we  do  not  know  the  exact  relation  between  time  of 
exposure  and  density  of  the  photographic  image,  the  estimates 
made  with  the  scale  plates  do  not  give  us  absolute  intensities. 
There  are  also  many  errors  introduced  by  instrumental  causes. 
Among  other  sources  of  error  is  that  due  to  the  non-achromatism 
of  the  large  objective.  The  proportions  of  light  of  different 
wave-lengths  which  enter  the  slit  must  vary  with  the  ([uality  of 
the  seeing,  and  the  care  used  in  guiding.  The  star  image  which 
falls  on  the  slit  is  not  homogeneous,  but  is  composed  of  a  central 
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disk  of  //7  light   surrounded   by  concentric   circles   of   light  of 
longer  and  shorter  wave-lengths. 

The  effects  of  different  conditions  of  seeing  and  guiding 
were  determined  from  plates  taken  of  other  stars,  and  while  some 
differences  were  noticed,  they  were  small  compared  with  the 
changes  observed  in  the  case  of  0  Ceti. 

Fig.  7  gives  the  "intensity  curves"  of  o  Ceti  from  three  plates, 
which  were  all  of  the  same  emulsion.  The  intensities  of  the 
same  portions  of  the  star  .^^pectrum  were  estimated  on  each  plate 
by  means  of  the  scale.  These  estimates  were  plotted,  and,  in  the 
figure,  the  lines  join  the  estimates  without  reference  to  the  inten- 
sities of  the  other  parts  of  the  spectrum.  The  images  on  the 
different  plates  being  as  a  whole  unequal  in  density  or  blackness, 
the  portion  near  \4275  was  made  equal  to  10,  and  the  estimated 
intensities  of  other  portions  were  changed  to  correspond.  All 
estimates  to  the  red  of  X  4400  refer  to  the  brighter  portions, 
which  may  be  heads  of  bright  bands. 

Sidgreaves's  plates  showed  that  as  the  star  declined  in  bright- 
ness, the  intensity  of  the  bright  portions  of  the  spectrum  between 
\4300  and  \  5000  grew  less  relatively  to  that  of  the  region  near 
\  5500.  Mv  plates  show  a  decrease  in  intensity  of  the  region 
from  X4300  to  X  5000  relative  to  the  continuous  spectrum  from 
X4000  to  X4300. 

Figs.  3  and  5  (Plates  XV  and  XVI)  show  the  changes  well. 
Plate  No.  2B  is  not  in  excellent  focus  and  is  therefore  not  repro- 
duced. 

It  should  be  remembered  that  the  solar  spectrum,  P"ig.  2 
(Plate  XV)  is  from  a  negative  of  the  sky,  on  a  lantern-slide 
plate  whose  sensibility  curve  is  very  different  from  that  of  the 
Crown  plates.  The  maximum  intensity  of  the  continuous  spec- 
trum on  a  Crown  plate  is  about  X  4600  for  a  solar-type  star. 

These  changes  in  intensity  have  been  described  as  changes  in 
the  continuous  spectrum,  but  they  may  be  simpl\-  the  fading  out 
of  some  bright  bands. 

BRIGHT    LINES. 

The  most  noticeable  and  interesting  features  in  the  spectrum 
of  o  Ceti  are  the  bright  lines.      The   great   brilliancy  of   some   of 
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the  h^'drogen  lines,  when  the  star  was  near  its  maximum,  has 
been  recorded  b}-  several  observers. 

The  peculiar  fact  was  noticed  that  Ha,  ///3,  and  He  were  appa- 
rently missing,  while  others  of  the  hydrogen  series  were  very 
bright.  Photographs,  which  showed  H'^  and  Hh  as  intense,  gave 
no  trace  of  H^  and  He.  Sidgreaves,  in  1898  and  1899,  found 
something  which  from  its  position  might  be  the  bright  ///3,  but 
he  did  not  consider  it  as  certain.  It  has  been  seen  bright  on 
some  plates  at  Harvard."  Mr.  Wright  found  He  distinctlv  bright 
on  a  plate  which  he  had  taken  in  August  1901.  Figs.  3  to  5 
show  additional  evidence  on  this  point.  ///3  and  He  were  recorded 
as  bright  lines  on  all  the  dense  negatives  taken  with  Spectro- 
graph I.  Thev  seem  to  have  grown  stronger  relatively  to  the 
other  hydrogen  lines  and  also  to  the  continuous  spectrum  as  the 
star  grew  faint. 

An   attempt  was   made   to    observe   Ha  visually,  but   without 


TABLE  XI. 
Measures  of  Bright  Lines. 


A 

7C          9E 

13E 

14F 

I8F 

25F 

=7D 

28D 

M35D 

3751-2- 



3771-52 



3798-76 

04 

03 

02 

3836.20 

04 

OS 

07 

08 

00 

03 

3853-51 

01 

00 

00 

38S9.91 

03 

01 

II 

08 

03 

02 

12 

3906.^6 

00 

03 

04 

03 

09 

II 

3908. IS 

02 

03 

3933-45 

c? 

09 

3939-10 

07 

07 

3968 . 49 

10 

10 

3970.87 

II 

12 

04 

01 

03 

20 

4007.74 

0/ 

01 

4102.66 

03 

00 

08 
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success,  on  the  night  of  September  6,  1902,  when  the  instrument 
was  changed  to  adapt  it  for  visual  work.  Corresponding  to  the 
bright  well-defined  Ha  of  the  comparison  spectrum  there  was 
continuous  spectrum,  but  no  bright  line  in  the  star.  Mr.  Wright 
was  present  and  verified  the  observation.  Ha  should  be  looked 
for  when  Mira  is  again  at  a  maximum. 

Table  XI  gives  the  measures  of  all  the  bright  lines  which 
appeared,  sooner  or  later,  during  the  course  of  the  work.  The 
same  scheme  of  residuals  is  used  as  in  Table  III. 

Below  is  given  a  list  of  places  which  have  the  appearance  of 
bright  lines,  but  which,  in  the  judgment  of  the  observer,  are 
bright  spaces  between  absorption  lines.  Some  of  the  places  were 
measured  on  only  one  plate,  but  the  wave-lengths  are  probably 
as  accurate  as  those  of  the  absorption  lines. 


X 3978.7 

\4213.0 

3998-5 

4427-9 

4002.7 

4434.5 

4031.5 

45'2.6 

4179-6 

4777-6 

From  the  residuals  of  Table  XI  the  probable  error  of  the 
wave-length  of  a  bright  line,  determined  from  one  plate,  is  found 
to  be  ±0.o6t.m.  The  wave-lengths  of  the  bright  lines  show  no 
more  change  than  do  those  of  the  dark  lines.  The  average 
residual  for  each  plate  has  been  comfnitcd  and  there  is  no  sign 
of  variable  position.  A  comparison  of  these  average  residuals 
with  those  of  the  dark  lines  is  as  follows : 


Date 

Plate  No. 

Dark  Lines 

Bright  Lines 

1902,        July     6 

7  C 

-|-0.02 

+0.01 

16 

13  E 

-f  0.06 

+0.04 

August    4 

25   V 

—  0.03 

-0.03 

II 

27  D 

—  0.02 

—  0.03 

25 

28  D 

—  0.03 

+0.03 

1 90 1,  August  17 

22351) 

-1-0.02 

—0.04 

These  average  residuals  are  all  so  small  that  the  agreement  in 
sign  for  some  cases  is  of  little  significance. 
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Table  XIII  gives  the  identification  of  some  of  the  bright  lines. 
There  can  be  no  doubt  that  the  hydrogen  series  is  present. 
Metallic  lines  which  seem  to  coincide  in  five  cases  are  given, 
but,  in  spite  of  the  accuracy  of  the  measures,  we  must  consider 
the  question  of  their  identity  to  be  still  open. 

TABLE  XIII. 
Identification  of  Bright  Lines. 


0  Ceti- 
A 

Tabular  A 

Displacement 
t.  m. 

Substance 

Aulhority  for  A 

3751-2- 

3750.15 

+  1.0- 

Hk 

Ames 

3771-52 

3770.7- 

,-1-0.82 

Hi 

.Ames 

3798-76 

3798.0- 

4-0.76 

H» 

.•^mes 

3836.20 

3835-6- 

-)-o.6o 

U-n 

Ames 

3853-51 

3889.91 

3889.15 

-1-0.76 

m 

•Ames 

3906.36 

3905.66 

-fo.70 

Si  12 

Rowland 

390S.18 

3933-45 

3939-10 

3968.49 

3970.87 

3970.18 

-fo.69 

Hf. 

Rowland 

4007.74 

4102.66 

4IOI .89 

-1-0-77 

m 

Wright 

4202.91 

4202.20 

4-0.71 

FeV 

Rowland 

4216.71 

4234.12 

4308.70 

4308.08 

-1-0. 62 

Feb 

Rowland 

4341-33 

4340-63 

+0-70 

Hy 

Rowland 

4373-61 

4376.78 

4376.11 

4-0.67 

Feb 

Rowland 

4571.82 

4571.26 

4-0.56 

MSS 

Rowland 

4862.34 

4861.53 

4-0.81 

HP 

Rowland 

It  should  be  noticed  that  a  bright  line  developed  on  each 
side  of  each  of  the  strong  dark  calcium  lines,  ^,  H  and  K. 
Without  looking  at  the  plates,  this  might  seem  to  be  due  to  a 
double  reversal  of  the  calcium  lines.  Their  appearance  is  not 
such,  however.  Mr.  Wright  also  examined  the  plates  with  this 
in  mind,  and  in  his  judgment  the  lines  are  separate  bright  lines, 
and  the  phenomenon  is  not  one  of  double  reversal. 

Several  attempts  were  made,  in  June  and  July  1902,  to  secure 
photographs  of  the  spectrum  of  Alira,  with  the  regular  three- 
prism  instrument.  It  was  impossible,  however,  to  make  an 
exposure  long  enough  to  record  the  continuous  spectrum.  The 
only  features  recorded  were  i/7  and  two  other  bright  lines.     Hy 
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was  single  on  all  the  plates.  It  seemed  nearly  monochromatic, 
but  was  a  little  sharper  on  the  violet  than  on  the  red  side.  It 
had  the  same  appearance  as  that  found  by  Campbell  in  i8g8  at 
about  the  same  interval  after  the  star's  maximum.  In  1898  he 
found  that  H'^  was  triple  from  five  to  two  weeks  before  maxfmum. 
Before  observations  of  o  Ceti  were  begun  in  1902,  it  had  been 
intended  to  make  polariscopic  tests  for  Zeeman  effects  in  the 
bright  lines  ;  but  they  were  found  single  on  the  first  photographs 
and  no  observations  for  polarization  were  attempted.  These 
should  certainly  be  made  when  it  is  again  possible  to  observe 
the  star  at  maximum.  Measures  of  the  three-prism  plates  give 
the  following  displacements  of  i/7  in  tenth-meters. 

TABLE  XIV. 


Date 

Plate  No. 

,.,„. 

1902,  July  2 

2 

21 

August   18 

2446  F 

2447  A 
2470  D 
2505  E 

M 

+0.65 
+0.68 
+0.65 
+0.61 

ean  +0.65  t.m. 

It  is  interesting  to  compare  the  measures  of  plates  taken  in 
1902  with  those  of  1898.  Campbell  also  observed  the  bright 
lines  near  \  4308  and  X  4376.  They  were  also  measured  on  the 
high-dispersion  plate  of  August  18,  1902.  In  the  following 
scheme,  under  the  heading  "Bright  Lines"  is  given  the  actual 
observed   displacement  of    each    bright   line,   corrected   for    the 

TABLE  XV. 


Campbell,  1898 

Stebbins,  igpz 

Line 

Three  Prisms 

Three  Prisms.    Bright  Lines 

One  Prism 

Briehl  Lines 
t.m. 

Dark  Lines, 

+  661*11 

Dark  Lines, 

+  661<m 

t.m.                     t.m. 

t.m. 

Hi  4101 .8g 
/>/"  4308.08 
jVt  4340.63 

+0.64 
+0.60 
-1-0.64 
+0.61 

+0.85 
+0.89 
+0.90 
+0.91 

+o".6l 
+0.65 
+0.66 

+0.77 
+0.62 
-j-0.70 
+0.67 

+0.90 
+0.95 
+0.96 
+0.96 
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earth's  motion.  Under  "Dark  Lines"  is  given  an  assumed  dis- 
placement wliich  corresponds  to  that  of  the  absorption  lines  in 
the  spectrum. 

The  dark  lines  in  this  region  of  the  spectrum  are  apparently 
displaced  about  0.25  tenth-meter  farther  to  the  red  than  are  the 
bright  lines.  The  results  obtained  with  one  prism  are  system- 
atically larger  than  those  obtained  with  three  prisms.  This  may 
be  partly  due,  in  the  case  of  7/7  and  Hh,  to  overexposure  on 
many  of  the  plates.  Since  the  lines  seem  to  shade  off  towards 
the  red,  greater  exposure  probably  slightly  increases  the  appar- 
ent wave-lengths.  However,  since  the  displacement  of  the  other 
hydrogen  lines,  which  where  not  overexposed,  is  about  the 
same  as  that  of  7/7  and  //8,  this  effect  is  probably  not  large. 
The  difference  between  the  results  of  1898  and  1902  is  due,  no 
doubt,  to  personal  errrors. 

The  bright  lines  at  XX  4308  and  4376,  marked  as  possibly  due 
to  iron,  are  of  peculiar  interest.  They  were  recorded  in  Table 
VI  as  dark  lines.  The  appearance  of  each,  on  some  of  the  jjlates, 
is  of  a  bright  line  with  an  adjacent  dark  one  on  the  red  side.  If 
the  bright  lines  be  due  to  iron,  they  are  displaced  bv  the  same 
amount  as  the  bright  hydrogen  lines;  and  if  iron  produces  the 
absorption  components,  the  displacements  are  equal  to  those  of 
other  dark  lines. 

A  glance  at  the  series  of  plates  showed  that  there  were  many 
changes  of  intensity  among  the  bright  lines,  both  relative  to  each 
other  and  to  the  continuous  spectrum.  Lines  not  visible  on  the 
earlier  plates  became  more  intense  than  the  hvdrogen  lines  which 
were  so  bright  near  maximum. 

In  order  to  estimate  the  amounts  of  the  changes,  a  scale  was 
made  by  the  following  method:  An  occulting  strip  was  arranged 
in  front  of  tiie  photographic  plate  in  the  three-prism  Mills  spec- 
trograph in  such  a  manner  that  onh'  the  line  X  4308.08 1  of  the 
iron  spectrum  reached  the  plate.  A  two-second  exposure  gave 
just  a  trace  of  an  image  of  this  line,  whereas  ten  minutes  pro- 
duced an  overexposed  image  of  greater  breadth  and  blackness 
than  was  ever  obtained  of  the  bright  Hh  star  line.  The  plate- 
holder  was  moved  by  small  successive  steps  along  in  its  cell, 
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and  a  series  of  carefully  timed  exposures,  varying  from  one 
second  to  ten  minutes,  was  made.  At  intervals  the  current  was 
switched  to  the  other  side  of  the  comparison  apparatus  and  an 
image  of  the  same  line  due  to  an  exposure  of  five  seconds  was 
recorded  on  the  plate.  These  extra  images  served  as  a  rough 
test  of  the  constancy  of  the  light,  and  as  reference  points,  for 
the  scale.  The  exposures  were  all  made  on  the  same  plate, 
and  the  different  images  received  the  same  photographic  treat- 
mant. 

The  bright  lines  of  o  Ceti  were  compared  with  this  scale,  and 
to  each  line  was  assigned  as  intensity,  the  number  of  seconds 
required  to  produce  the  equal  line  in  the  scale.  Independent 
estimates  of  the  same  line  made  in  this  manner  at  different  times 
are  accordant  with  each  other. 

As  the  density  of  the  star  spectrum,  as  a  whole,  varied  greatly 
on  the  different  plates,  the  intensities  of  the  same  line  on  dif- 
ferent plates  are  not  comparable,  unless  they  are  referred  to  a 
common  standard.  If  the  intensity  of  a  bright  line,  as  esti- 
mated with  the  scale,  be  divided  by  the  intensity  of  the  continu- 
ous spectrum  on  the  same  plate,  we  get  what  we  might  call  the 
intensity  of  the  bright  line  referred  to  the  continuous  spectrum. 
The  quotients  formed  in  this  manner  will  be  referred  to  as  the 
intensities  of  the  bright  lines.  It  is  evident  that  long  and  short 
exposures  of  the  star  taken  on  the  same  night  should  give 
approximately  the  same  intensities  of  the  bright  lines.  As  has 
already  been  shown,  there  is  evidence  that  the  intensity  of  the 
continuous  spectrum  varied  in  different  parts  as  the  star  faded. 
The  intensities  of  bright  lines  were,  therefore,  all  referred  to 
the  portion  of  the  continuous  spectrum  between  X  4102  and 
X4227. 

The  development  of  the  bright  lines  is  shown  in  Tabic  XVI. 
It  happens  that  the  faintest  bright  line  to  which  an  intensity  was 
assigned  is  called  i.  On  plate  27D  the  line  at  \  3908.18  was 
estimated  with  the  bright  line  scale  to  be  of  intensity  3.5.  The 
intensity  of  the  continuous  spectrum  between  Hh  and  g  was 
called  24.  Dividing  3.5  by  24  and  multiplying  by  10,  an  arbi- 
trary factor,  the  resulting  intensity  of  the  bright   line  is  i.     On 
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the  plate  2B  the  scale  value  of  the  H^  line  was  250,  and  the  con- 
tinuous spectrum  was  of  intensity  6.  The  resulting  intensity  of 
Hh  is  therefore  420.  These  numerical  operations  are  crude,  but 
they  are  as  accurate  as  necessary. 

In  Table  XVI  a  period  (.)  indicates  that  the  image  on  the 
plate  is  dense  enough,  and  that  the  definition  is  good  enough  to 
show  the  line  as  bright,  had  it  existed  when  the  plate  was  taken, 
but  that  it  was  not  visible.  A  dash  ( — )  means  that  the  line  did 
not  appear  on  the  plate,  but  that,  judging  from  the  evidence  fur- 
nished by  other  plates,  it  would  have  been  recorded  with  a  longer 
exposure.  Where  the  observer  is  unable  to  state  whether  the 
line  existed  or  not,  the  spaci*  has  been  left  blank.  Plates  num- 
bered 13E,  18F,  21F,  and  25F,  and  those  of  Mr.  Wright,  are 
Isochromatic,  and  are  therefore  not  strictly  comparable  with  the 
Crown  plates. 

The  short  exposures  3C  and  4E  give  results  fairly  consistent 
with  the  long  exposure  2B,  taken  on  the  same  night.  The  plates 
8D  and  9E  do  not  agree  at  all  with  the  denser  negative  of  7C. 
This  discordance  shows  that  the  estimates  are  very  rough. 

Another  source  of  error  is  the  effect  of  widening  the  slit  for 
the  long  exposures.  This  might  easily  produce  a  progressive 
change  in  the  apparent  intensity  of  the  lines  relative  to  the  con- 
tinuous spectrum,  but  it  certainly  could  not  produce  such  great 
variation  among  the  lines  themselves. 

The  changes  of  the  lines  are  shown  graphically  in  Figs.  8-13. 
The  intensities  are  represented  by  ordinates.  It  will  be  seen 
how  the  hydrogen  lines,  H'^  and  Hh,  decreased  in  intensity  as 
the  star  grew  faint.  In  Fig.  8,  Plate  2B,  the  intensity  of  H^  has 
been  arbitrarily  reduced  to  accord  with  the  evidence  furnished 
by  the  other  plates  taken  on  the  same  night.  Figs.  8-12  truth- 
fully indicate  the  development  of  the  bright  lines  from  Hh  to 
the  red.  In  Fig.  13  and  to  the  violet  of  Hh  on  the  other  plates 
the  data  are  insufficient  on  account  of  underexposure.  The  line 
at  X  4007  was  the  only  one  which  certainl}'  disappeared  during 
the  interval  covered  by  these  six  plates.  The  development  of 
the  line  at  \  4571  was  remarkable.  This  line,  which  is  perhaps 
due  to  magnesium,  did  not  a])pear   until   the  star  was  of  about 
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magnitude  5.4,  and  as  the  star  grew  fainter  it   became  the  most 
prominent  object  in  the  spectrum. 

The  images  on  the  plates  following  48A  are  not  strong  enough 
to  give  results  which  can  be  entered  in  Table  XVI.  A  brief 
summar}'  of  what  was  found  on  the  plates  may  be  of  interest: 

54A.  Bright  lines  4202,  4308,  apparently  present,  4571  certain.  No  trace 
of  any  continuous  spectrum. 

58A.  Bright  lines  4202,  4308,  4571  all  certain.  Faint  continuous  spec- 
trum from  X4000  to  X  4800. 

5qA.  Bright  line  4202  not  found.  4308,4571  present.  Faint  continuous 
spectrum  from  X  4000  to  X4150,  also  from  X  4200  to  X4585. 

On  58A  and  59A  the  continuous  spectrum  was  visible  in  the 
H'i  and  Hh  regions,  but  no  trace  of  a  bright  line  was  seen  in 
either  case.  The  evidence  furnished  by  these  later  plates  there- 
fore strengthens  the  conclusion  that  the  bright  hydrogen  lines 
disappeared  at  minimum.  //'7  and  Hh  would  certainly  have  been 
recorded  if  they  had  remained  as  intense  as  they  were  a  month 
preceding  minimum.  Figs.  8-13  show  that  //y  and  //S  were 
growing  fainter  as  the  star  declined,  and  the  lines  X  4202,  X  4308, 
and  X4571  were  increasing  in  intensit)^  as  far  as  Plate  48A.  I 
am  not  prepared  to  say  whether  the  intensities  of  these  last  three 
lines  increased  or  decreased  after  that  time,  but  they  did  not 
change  much.  It  is  certain  that  no  new  bright  lines  appeared 
which  were  as  prominent  as  those  already  under  observation,  for' 
the  plates  were  carefully  examined.  In  fact  the  lines  on  Plate 
54A  were  entirely  overlooked  on  the  first  examination. 

While  the  method  of  estimating  intensities  here  presented  is 
subject  to  many  errors,  it  affords  a  better  idea  of  the  changes 
than  be  could  given  by  a  mere  description.  All  the  estimates 
with  the  bright-line  and  continuous-spectrum  scales  were  made  in 
such  a  way  as  to  avoid  personal  bias.  The  observer  did  not 
know,  when  using  the  scales,  how  the  final  intensities  would 
come  out,  and  the  relative  changes  observed  in  the  continuous 
spectrum  and  in  the  bright  lines  are  real. 

Until  this  star  has  been  successfully  followed  through  all  its 
phases,  it  is  obviously  too  soon  to  advance  any  theory  to  account 
for  the  observed   changes   in   its   spectrum   or  in  its  brightness. 
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The  light  gathering  power  of  the  great  refractor  is  not  sufificient 
to  follow  the  spectrum  satisfactoril}-,  at  least  not  on  the  disper- 
sive scale  used  by  me.  An  ideal  equipment  for  work  on  variables 
would  consist  of  a  large  reflector  which  could  be  used  for  this 
purpose  alone,  with  spectrographs  of  various  dispersive  powers 
arranged  for  use  in  all  parts  of  the  spectrum. 

The  apparent  constancy  of  radial  velocity  is  strong  evidence 
that  the  variations  in  brightness  are  not  due  to  the  influence  of  a 
companion  star,  unless,  indeed,  the  companion  were  of  very 
small  relative  mass,  were  moving  in  a  very  eccentric  orbit  and 
approached  very  close  to  the  primary.  The  displaced  sj'stem  of 
bright  lines  could  not  belong  to  such  a  companion,  as  their  wave- 
lengths are  apparently  constant.  The  large  irregularities  in  the 
period  of  the  light  curve  practically  preclude  the  question  of  a 
binary  system,  though  perhaps  not  absolutely  so. 

The  remarkable  distribution  of  light  in  the  hydrogen  series 
seems  as  yet  impossible  to  explain.  Miss  Gierke  has  explained 
the  apparent  absence  of  He  by  assuming  the  hydrogen  to  be  at  a 
lower  level  in  the  star's  envelope  than  the  calcium  layer,  the  H 
calcium  absorption  destroying  the  He  radiations.  This  theory 
may  still  be  true,  though  the  existence  of  a  faint  bright  He  has 
been  proven.  However,  /7yS  and  Ha  are  much  more  reduced  in 
intensity  than  is  He;  and  with  them  there  is  no  evidence  of  over 
lying  absorption  strata.  It  is  usually  expected  that  the  bright 
hj'drogen  series  will  diminish  in  intensity  from  red  towards  the 
violet.  This  appears  to  hold  even  for  new  stars,  in  which  the 
disturbance  has  been  very  sudden,  though  exception  should  per- 
haps be  made  for  Ha  when  new  star  spectra  approach  the  nebu- 
lar form.  The  supposition  that  in  Mirathc  hydrogen  series  may 
regularly  decrease  in  brightness  from  violet  to  red  is  not  tenable, 
as  the  diminution  from  H'y  to  ///3  is  entirely  too  great.  Inas- 
much as  the  bright  lines  are  strongly  shifted  (to  the  violet  with 
reference  to  the  dark-line  system)  from  their  normal  positions 
apparently  by  causes  other  than  radial  velocity  and  pressure,  it 
seems  probable  that  the  peculiarities  of  the  hydrogen-line  inten- 
sities are  due  also  to  causes  now  unknown  to  us.  The  presence 
of  the  bright  iron  lines  X  4308  and  \4376,  the  absence  of  others 
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of  the  same  element,  and  the  diversit}-  of  structure  observed  by 
Campbell  in  the  triple  ^7  and  Hi  bands  are  perhaps  due  to 
similar  unknown  causes. 

The  great  variations  of  relative  intensity  observed  in  the 
hydrogen  and  other  bright  lines,  and  in  the  continuous  spectrum, 
show  that  the  star's  decrease  in  light  is  produced  by  other  causes 
than  general  absorption. 

Considering  all  the  evidence,  it  seenis^reasonably  certain  that 
the  star's  variation  in  brightness  is  due  to  the  action  of  internal 
forces. 

I  beg  to  acknowledge  my  indebtedness  to  Director  Campbell, 
who  provided  the  necessary  apparatus  and  made  valuable  sugges- 
tions during  the  course  of  the  work;  to  Messrs.  Wright  and 
Reese,  for  continual  advice  and  assistance,  and  to  Dr.  H.  D. 
Curtis,  for  enlarging  the  negatives  for  reproduction. 

OBSERVATIONS  OF  THE  BRIGHTNESS  OF  0   CETI  IN    I9O2-I9O3. 

The  brightness  of  0  Ceti  was  observed  b}'  Argelander's  method 
about  once  a  week,  beginning  with  June  23,  igo2.  At  first  the 
star's  magnitude  was  determined  with  the  naked  eye  or  opera 
glass.  After  it  had  become  too  faint  to  be  seen  with  an  opera 
glass,  the  three-inch  finder  of  the  twelve-inch  telescope  was  used. 

In  order  to  avoid  prejudice,  the  observations  in  "grades"  were 
made,  recorded,  and  then  laid  aside,  to  be  reduced  a  month  or 
two  later.  When  observing,  I  did  not  know  the  magnitude  of 
any  of  the  comparison  stars,  and  in  but  few  cases  did  I  remem- 
ber what  the  estimate  on  any  previous  night  had  been. 

The  magnitudes  of  all  stars  brighter  than  7.00  were  taken  from 
the  Harvard  Photometry,  Harvard  Annals,  45.  For  the  fainter 
stars  the  adopted  magnitudes  arc  those  of  H.  M.  Parkhurst,  given 
in  29,  144  of  the  same  publications.  No  stars  that  are  not  in 
one  of  these  two  sources  were  used  for  the  comparisons. 

The  value  of  one  "grade"  has  been  determined  from  the 
observations  to  be  o.i  i  magnitude.  However,  most  of  the  com- 
parisons were  made  and  reduced  in  such  a  manner  that  the 
resulting  magnitude  is  independent  of  the  value  of  a  grade.  For 
the  sake  of  uniformity,  all  estimates  were  made  in  grades,  and  it 
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was  tried  to  keep  the  value  of  one  grade  as  nearly  constant  as 
possible.  In  reducing  observations  where  o  Ceti  was  compared 
with  two  stars,  one  brighter  and  one  fainter,  the  magnitude  of 
the  variable  has  been,  taken  proportionally  between  them.  In 
taking  the  mean  of  several  estimates,  an  estimate  derived  from 
two  stars  has  been  given  twice  the  weight  of  an   estimate  based 

TABLE   XVII. 
Reference  Letters  and  Magnitudes  .Adopted  for  the  Comparison  Stars. 


Letter 

Mag. 

B.D. 

Name 

R.  A.  1900 

Decl.  igoo 

a 

3-64 

— I0'240 

•      1)   Ceti 

l''03'.'>6 

-10°  43' 

b 

3 

64 

+    2°422 

y  Ceti 

2  3«-i 

+  2     49 

c 

3 

71 

-i6~295 

T    Ceti 

I   39-4 

—  16     28 

d 

3 

86 

-   8°244 

e    Ceti 

I    19.0 

-  8     42 

e 

go 

—   o"4o6 

d    Ceti 

2  34-4 

—  0     06 

f 

3 

91 

+  2°3I7 

a   Piscium 

I   56.9 

+  2     17 

g 

3 

96 

-n'359 

f   Ceti 

I  46.5 

—  10    50 

h 

4 

30 

+  7 "388 

J'  Ceti 

2  22.8 

+  8     01 

i 

4 

33 

+  9°359 

fi  Ceti 

2  39-S 

+  9     42 

J 

4 

46 

+  8=273 

0    Piscium 

I  40.1 

+  8     39 

i 

4 

62 

+  4°293 

V   Piscium 

I  36.2 

+  4     59 

I 

4 

73 

+  8°455 

X   Ceti 

2  54-4 

+  8     3' 

m 

4 

88 

+    2°290 

f   Piscium 

I   48-4 

+  2     42 

n 

5 

05 

+  4°4l8 

f    Ceti 

'2    30.6 

+  5     09 

P 

5 

22 

—   4°26o 

1  37-7 

-   4      II 

9 

5 

54 

-   i°353 

75  Ceti 

2  27.1 

-    I     28 

r 

5 

63 

-  3°336 

66  Ceti 

2  07.7 

-   2     52 

s 

5 

64 

—    I°323 

70  Ceti 

2  17. 1 

—    I     20 

t 

5 

66 

-  7°393 

67  Ceti 

2  12.0 

-  6     S3 

It 

5 

73 

-   i°377 

84  Ceti 

2  36. 1 

-   I     08 

7V 

5 

76 

+  i°4io 

2   12.8 

+  I     17 

X 

6 

00 

-  2-375 

63  Ceti 

2  06.5 

-  2     18 

y 

6 

30 

-  3=374 

71  Ceti 

2  20.0 

-  3     14 

2 

6 

47 

-   5°438 

2  14.6 

-  4     48 

A 

6 

71 

+  o°370 

2  10. 1 

+  0     15 

B 

6 

8-- 

-   4° 394 

2  20.0 

—  4     20 

C 

7 

27 

-   3°372 

D 

7 

33 

-  3''340 

E 

7 

86 

-  2-389 

F 

8 

12 

-  4°379 

G 

8 

44 

-  3'375 

n 

8 

65 

-  4°390 

I 

8 

80 

-  3''37i 

J 

8 

95 

-  3°363 

K 

9 

35 

-  3°347 

L 

9 

44 

-  3 '355 

M 

9 

48 

-  3°373 

N 

9-99 

-   3° 362 

'Harvard   magnitude   7.06,  has  8.5  magnitude  companion.     Combination  of  the 
two  assumed  6.8  magnitude. 
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upon  a  single  comparison  star.  As  a  hundredth  of  a  magnitude 
is  of  little  significance  in  observations  of  this  kind,  the  final 
means  have  been  rounded  off  to  the  nearest  tenth  of  a  magnitude, 
but  the  light-curve,  shown  in  Fig.  i,  was  drawn  with  the  means 
taken  to  hundredths.  Evidence  of  the  Purkinje  phenomenon 
shows  in  the  change  from  opera  glass  to  the  three-inch   finder. 


TABLE   XVIII. 
Observations  of  the  Brightness  of  o  Ceti. 


Astronomical 
Dale 

G. 
M.T. 

Comparisons 

Mag. 

Mean 

Astronomical 
Date 

G. 
M.T. 

Comparisons 

Mag. 

Mean 

1902 

1902 

June  23 

23  ".5 

v=b 

3-64 

Aug. 

25 

22!'2 

X  2  V  2  B 

6.42 

6.4 

V2g 

3-74 

Sept. 

3 

20.8 

B  2  V  2  D 

7.06 

a  2  V 

3.86 

v  =  A 

6.71 

6.9 

V  2f 

369 

6 

21.6 

B  2  V2  D 

7.06 

v=d 

3.86 

3.8 

V  6  V  4  C 

6.88 

7.0 

27 

22.8 

b2  V 

3.86 

9 

22.5 

V2C 

7-05 

7.0 

f   I    V 

4.0? 

17 

19.5 

v  =  B 

6.80 

V2  g 

3-74 

y  8  V  3  C 

6.98 

V  2  C 

.3-49 

V3D 

7.00 

6.9 

V  4  e 

3-46 

27 

19.8 

v  =  C 

7-27 

d  2  V 

4.08 

3-8 

v  =  D 

7-33 

7-3 

July     2 

22.9 

b  2  V  2  e 
v  =  f 

3-77 
3-9' 

Oct. 

5 

18.5 

v  =  C 

E  4  V  2  F 

7.27 
8.04 

7.8 

g  2  V  2  i 

4.14 

8 

19.0 

E  5  V  2  F 

8.0s 

d  2  V  3  m 

4.27 

4.0 

C2  V3G 

7-74 

7-9 

6 

22.8 

V  =  e 
f  I  V  3  m 

3-90 
4.15 

15 

19.3 

V  2  G 

E  5  V  2  F 

8.22 
8.05 

8.1 

d  2  V2  h 

4.08 

27 

19.0 

F  3  V  2  J 

8.61 

R  2  V  3  i 

4.11 

4.1 

V  I  11 

8.54 

14 

22.2 

e  3  V  2  m 

4-49 

V  2   I 

8.58 

8.6 

i    I   V    I   1 

4-53 

Nov. 

1 1 

19. S 

v  =  J 

8.95 

v=k 

4.62 

V  =  I 

8.S0 

V  =j 

4.46 

4-5 

H  2  V  4  M 

8-93 

8.9 

18 

2.3-1 

v  =  k 
V  =m 

4.62 
4.88 

17 

17. s 

I  2  V  3  M 
J3v6  I. 

9.07 
9.1 1 

91 

j  2  V  3  n 

4.70 

4-7 

24 

19.8 

J5V5N 

9-47 

22 

23.1 

V  =n 

5.0s 

S-0 

V  4  L 

9.00 

29 

22.6 

v  =  p 
n  2  V  2  t 

5.22 
5-36 

V  2  K. 
1  2  V  2  M 

9.13 
9.14 

9.2 

29 

23.2 

m  5  V  5  s 

5.  6 

5-3 

Dec 

12 

19-5 

J  2  V  5  L 

9.09 

Aug.   4 

23.1 

v  =  t 

5.66 

v  =  I 

8.80 

9.0 

n  2  V  2  s 

5-34 

24 

17.8 

J  2  V  2  K 

9.15 

P3v2q 

5.41 

5-4 

v5l- 

8.89 

9-1 

II 

22.7 

V  =  s 

5.64 

190 

V  -  n 
q  2  V  2  r 

5-73 
5-58 

5.6 

Jan. 

3 

16,8 

J3V3K 
v=I 

g.15 
8.80 

9.0 

18 

23.8 

r  2  V  2  X 
V  =  w 

5.81 
5-76 

29 

16.2 

v=J 

G  2  V  2  H 

895 
8.54 

8.7 

s  3  V  3  y 

5-97 

5J3 

Feb. 

28 

16.0 

V2C 

7.05 

70 

25 

22.2 

v  =  y 
V  =  7. 

6.30 
6.47 

March 

17 

15-5 

msv  -  1 
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After  January  lo,  1903,  the  observer  was  in  residence  at  Berke- 
ley, and  a  few  observations  of  brightness  were  made  there  with 
various  instruments. 


June  27  :   Fifth  comparison  assigned  J<  weight  on  account  of  interval  of 
4  grades. 

August  18:  First  of  opera  glass  series. 

September  3:  Could  see  v  with  naked  eye. 

September  17:  First  with  three-inch  finder. 

October  5:  Identifications  certain. 

October  8  and  15:   Remembered  comparison  with  E  and  F  on  October  5. 

January  29:    Berkeley.     One-inch  telescope. 

February  28:    Berkeley.     Two-mch  telescope. 

March  17:    Berkeley.     Opera  glass. 

May  I,  1903. 


ON  THE  SPECTRUM  OF  THE  AURORA. 

By   C.    RUNGE. 

In  his  report  on  the  aurora  Paulsen"  compares  its  spectrum 
with  the  spectrum  of  the  bluish  light  near  the  cathode  of  a 
vacuum  tube  filled  with  oxygen  and  a  little  nitrogen  and  monox- 
ide of  carbon.  Paulsen  comes  to  the  conclusion  that  there  is  a 
close  connection  between  the  two  spectra : 

Les  tableau.x  ci-dessus  semblent  done    reveler  un  accord  intime  entre  le 


Krypton 

Intensity 

Autt>ra 

Intensity 

Oxygen  Tube  near 
Cathode 

Intensity 

603.5-589.0 

I 

598.0 

2 

5S7.1 

8 

589.0-575.0 

575-0-553-7 

569 -3 

3 
I 
I 

557-0) 
556-2  5 

8 

4 

558-0-554-4 

10 

561.8-556.8 

543-3 

534-3 
528.7-513.5 

526.5 

523-0 
520.0-518.3 
50S.0-506.5 

500.0 

496.0 

492 . 0 
485.5-480.0 

476.2 

12 

I 

5 

I 
3 
5 
8 
I 
3 
2 
I 
5 
I 

467-1 

2 

470 

10 

470.2 

10 

462.4 

: 

463 

10 

464.8 
4.58.8 

10 
I 

455 

10 

456-8 

450.5 

I 
2 

450-2  ) 

4 

446.4  V 

5 

449 

10 

448. 8 

2 

445 • 4  ) 

4 

440.0 

I 

44' -5-4.39.0 

' 

441.6 

437-5 

10 
I 

437 -61 

3 

r      436.5 

2 

4.S6.!  1 
432-0  f 

2 
4 

436.0-430.5 

I 

i  435-2-433-6 

10 

431-9J 

2 

I       431-7 

2 

427.4 

4 

42S. 5-425.0 

I  0 

428.5-426.0 

10 

'  Kapporls  presenth  ait  congris  inUrnalional  de  physique,  3,  438.     Paris,  1900. 
3«> 


382  C.   RUXGE 

spectre  de  I'aurore  bor^ale  et  celui  de  la  lumiere  qui  entoure  la  cathode  d'un 
tube  contenant  de  I'oxygene  et  de  I'azote. 

The  conclusion  seems  to  me  misleading.  For  if  we  compare 
the  spectrum  of  the  aurora  with  the  spectrum  of  krypton,  the 
coincidences  are  at  least  as  striking  as  in  the  case  considered  by 
Paulsen.  In  the  preceding  table  the  three  spectra  are  written 
side  by  side  as  far  as  krypton  lines  have  been  observed.  The 
first  column  gives  the  spectrum  of  krj-pton  in  a  vacuum  tube 
without  Leyden  jar  and  spark-gap,  according  to  my  observations. 
The  second  column  contains  the  spectrum  of  the  aurora,  and  the 
third  the  spectrum  near  the  cathode  of  an  oxygen  tube,  both  as 
given  by  Paulsen.     The  wave*-lengths  are  given  in  /x/i. 

I  do  not  maintain  that  these  coincidences  prove  the  spectrum 
of  the  aurora  to  be  that  of  krypton.  I  wish,  on  the  contrary,  to 
draw  the  inference  that  these  comparisons  of  spectra  have  very 
little  value  as  long  as  the  wave-lengths  of  the  auroral  lines  are 
not  measured  more  accurately.  The  only  auroral  line  which  has 
been  measured  with  a  considerable  amount  of  accurac)-  is  the 
green  line,  and  here  the  coincidence  seems  to  be  in  favor  of 
krypton,  as  I  pointed  out  some  years  ago."     ' 

In  Scheiner's  Astronomical  Spectroscopy,  translated,  revised, 
and  enlarged  by  E.  B.  Frost,  the  following  determinations  of 
the  wave-length  of  the  green  line  are  considered  the  most 
accurate  '^ 

1867,  Angstrom     -  -  -     5568       1874,  Huggins    -  -         -     5572 

1872,  Vogel,       -         -         -  5572       1880,  Copeland       -         -  5573 

1872,  Wijkander    -         -  -     5573       1882,  Gyllenski<')ld  -         -     5569 

1873,  Lemstrom  "  '  557°  1894,  Campbell  -  -  5571-6 
My  determination  of  the  green  krypton  line  is: 

X  =  5570.417,  mean  error  0.015. 
The  broad   band  at  X. 56 1.8-5 56. 8  that  Paulsen  has  measured 
in  the  spectrum  of  the  oxygen  tube  is  probably  the  green  band 
of  carbon  monoxide. 

KiRCHKODF.    HEI    HANNOVER, 

October  1903. 
^Nature,  59,  29,  iSgS,  p.  326. 
'  I  have  reduced  the  wave-lengths  to  Rowland's  scale. 


TEN  STARS  WHOSE  RADIAL  VELOCITIES  VARY. 

By  Edwin  B.  Frost  and  Walter  S.  Adams. 

The  systematic  observations  of  stars  having  spectra  of  t.he 
Orion  type,  which  have  been  a  part  of  our  program  during  the 
past  two  years,  continue  to  j-ield,  as  an  interesting  by-product,  a 
large  proportion  of  spectroscopic  binaries.  The  present  list 
brings  the  number  so  far  found  with  the  Bruce  spectrograph  up 
to  twenty-three  (aside  from  four  having  spectra  of  other  types). 
We  have  at  present  obtained  the  minimum  number  of  three  good 
plates  for  only  sixty-three  of  these  Orion  type  stars,  so  that  the 
ratio  of  those  whose  radial  velocities  are  variable  is  at  the  least 
greater  than  i :  3  for  those  so  far  observed  b\'  us.  The  fact  must  be 
considered  that  the  lines  in  the  spectra  of  many  of  these  stars  are 
so  broad  and  ill-defined  that  only  rough  determinations  of  radial 
velocity  are  possible,  whence  variations  of  small  amplitude  must 
escape  detection  with  the  present  appliances.  Further,  the  inter- 
val of  time  covered  by  our  observations,  particularly  of  the 
fainter  stars  included  in  our  present  list,  is  too  short  to  permit 
the  recognition  of  variations  having  periods  longer  than  a  few 
days  or  weeks.  Finally,  three  observations  are  by  no  means 
sufficient  to  establish  the  constancy  of  the  radial  velocity  of  any 
star,  even  during  a  short  interval  of  time.  Accordingly  the 
striking  inference  must  be  drawn  that  one  out  of  every  two  or 
three  stars  with  spectra  of  the  Orion  type  constitutes  a  dual  (or 
perhaps  multiple)  system. 

Most  of  the  spectrograms  referred  to  below  were  obtained 
with  the  dispersion  of  one  prism  and  with  the  triple  camera  lens 
of  607mm  focus.  They  are  designated  as  series  IB,  followed  by 
the  current  number.  Since  our  last  communication,  in  the  June 
number  of  this  Journal,  the  outer  temperature  case  has  been 
altered  by  the  insertion  of  two  doors,  so  that  it  can  be  used  with 
one  prism  or  two  or  three  prisms,  as  may  be  desired,  and  the 
temperature  can   be   maintained  practically  as  steadily  as  when 

38.? 
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all  doors  are  closed  and  the  three  prisms  are  used  according  to 
the  original  design  of  the  spectrograph. 

Reference  has  already  been  made'  to  the  advantages  derived 
from  the  use  of  low  dis[)ersion  for  stars  with  this  type  of  spec- 
trum. It  woald  probably  not  be  too  much  to  say  that  fully  ha' 
of  the  stars  in  the  list  below  can  be  studied  to  better  advantage 
with  one  prism  than  with  three.  A  notable  illustration  of  this  is 
I  Orionis,  in  the  spectrum  of  which,  upon  negatives  taken  with 
high  dispersion,  the  lines  are  barely  recognizable  as  very  faint 
brightenings  in  the  continuous  spectrum,  and  are  practically 
immeasurable.  Accordingly,  while  it  may  appear  that  in  the 
list  of  measures  giv^en  below  rather  large  differences  are  to  be 
found  between  the  values  obtained  by  the  different  observers 
from  the  same  plate,  these  differences  are  to  be  considered  as 
due  rather  to  the  inherent  character  of  the  spectra  than  to  the 
fact  that  insufficient  scale  has  been  employed  to  enable  accurate 
measurement. 

IT  Andromedae  (a^^O*'  'i2'^;  S  =  -|-33°  lo';  Mag.  =4.4). 


Date 

G.  M.T. 

Taken 
by 

Vel 

city       ■ 

No.  of  Lines 

F 

A. 

F. 

A. 

Mean 

IB  92 
106 
129 

1903,  Sept.  25 
Oct.    10 

Oct.  l^ 

i7"3i"' 
14     7 
19  30 

F. 
A. 
F. 

km 
-    6 
+31 
+58 

km 

+  3 
+33. 
+  62 

2 

4 

5 

5 
3 

S 

km 

—    2 
+32 
-j-60 

Tiie  lines  in  the  spectrum  of  this  star  are  rather  sharper  than 
in  the  case  of  most  stars  of  this  class.  The  first  plate  is  poor, 
but  the  other  two  are  rated  in  our  notes  as  good. 

f  Cassiopeiae  (a  =  0''  37"";  5  =  +49°  58' ;  Mag.  =  4.8). 


IB  107 
I. S3 
I7S 


1903,  Oct.  10 
Oct.  24 
Nov.  7 


G.  M.  T. 

Taken 
by 

Velocity 

No.  of  Lines 

F. 

A. 

F. 

A. 

km 

km 

M"-  so"> 

A. 

—  20 

-  8 

3 

3 

17  34 

A. 

-33 

-37 

5 

3 

14  35 

F. 

0 

—  9 

3 

5 

'"Some  Miscellaneous  Radial  Velocity  Determinations  with  the  Bruce  Spectro- 
graph," ASTROPHYSICAL  JOURNAL,   I8,  67,  I903. 
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The  lines  in  the  spectrum  of  this  star,  although  not  exces- 
sively broad,  are  very  ill-defined  and  diffuse,  and  the  measures 
are  probably  subject  to  more  uncertaint\-  than  those  for  any  star 
in  the  list. 


'  Orionii  (0  =  5''  17" 


-0°  29';  Mag.  =  4.6) . 


Vel 

city 

No.  of  Lines 

n 

Taken 

by 

F. 

A. 

F. 

A. 

Mean"^ 

km 

km 

km 

C    18 

1903,  Feb.    19 

Ijhjgm 

A. 

+31 

4 

+31 

C    26 

Feb.  25 

13  33 

F. 

+29 

4 

+29 

A4I3 

Mar.    6 

14  25 

A. 

+  31 

6 

+31 

IB    75 

Sept.    5 

21     51 

A. 

+  18 

+21 

4 

5 

+  19 

87 

Sept.  18 

21    46 

A. 

+29 

+.M 

6 

6 

+32 

103 

Sept.  26 

21    55 

A. 

+27 

6 

+27 

114 

Oct.   10 

20    34 

A. 

+32 

3 

+32 

133 

Oct.   17 

22    47 

F. 

+27 

7 

+27 

156 

Oct.   24 

20    05 

A. 

+33 

5 

+33 

The  values  given  by  C  i8  and  C  26  of  the  above  list  are 
entitled  to  low  weight  in  view  of  the  quality  of  the  spectra. 
The  chief  evidence  of  variation  in  the  star's  velocity  is  furnished 
by  IB  75:  the  excellent  character  of  this  plate  and  the  satisfac- 
tory agreement  of  the  two  sets  of  measures  upon  it  lead  us  to 
the  conclusion  that  the  variation  is  real.  The  spectrum  is  very 
well  adapted,  for  a  star  of  this  tvpe,  to  accurate  measure- 
ment, most  of  its  lines,  in  particular  those  due  to  helium,  being 
strong,  narrow,  and  well  defined. 


X  Aurigae  (a  =  5''  26'";  5  =  +  32°  8 ' ;  Mag.  =  5.0). 


Plate 

Date 

G.  M.  T. 

Taken 
by 

Velocity 

No.  of  Lines 

F. 

A. 

F. 

A. 

Mean 

IB    73 

112 
120 

1903,  Sept.    5 
Oct.   10 
Oct.    16 

19"  48"' 
18    46 

20     16 

A. 
A. 
A. 

km 
+31 
+  15 
+  >I 

km 
+25 
+  9 
+  ■5 

5 
5 
5 

5 
6 
5 

km 

+28 
+  12 

+  13 

The  spectrum  of  this  star  is  similar  to  that  of  o  Orioiiis, 
although  its  lines  are  rather  less  sharply  defined.  X  4267  is 
exceptionally  strong. 
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Orionis  (a  -  -^  30"";  «  =  -5'  59' ;  Mag.  =  3.0). 


Velocity 

No.  of  Lines 

Plate 

Date 

G.  M.  T. 

Velocity 

by 

Mean 

F. 

A. 

A. 

km 

km 

km 

IB     76 

1903,  Sept.    5 

22'' 29"" 

A. 

+  18 

+23 

2 

4 

+21 

97 

Sept.  25 

21    58 

F. 

+44 

+35 

4 

4 

+40 

104 

Sept.  26 

22  33 

A. 

+59 

+55 

2 

3 

+57 

134 

Oct.  17 

23    19 

F. 

+35 

3 

+35 

147 

Oct.  23 

23  37 

F. 

+42 

+41 

3 

3 

+42 

157 

Oct.  24 

20  -,S 

A. 

167 

Oct.  30 

20  00 

A. 

+89 

+91 

2 

2 

+90 

The  spectrum  of  this  star  appears  to  be  decidedly  complex. 
In  the  case  of  the  majority  of  the  plates  the  helium  lines  and  H'^ 
consist  of  exceedingly  broad  and  diffuse  lines  upon  which  are 
superposed  maxima  sometimes  to  the  number  of  two  or  three, 
and  usually  of  considerable  intensity.  The  effect  of  these  is 
greatly  to  complicate  the  determinations  of  velocity.  Suflficient 
evidence  has  not  yet  been  obtained  to  determine  whether  these 
maxima  are  due  to  the  other  member  or  members  of  the  system 
producing  the  variation  in  velocity,  or  to  physical  conditions  in 
the  star.  The  determinations  of  velocity  given  in  the  table  are, 
in  all  cases,  derived  from  the  broad  diffuse  lines,  although  it  has 
also  been  our  practice  to  measure  the  position  of  the  various 
maxima  as  well.  In  the  case  of  IB  157,  however,  the  complica- 
tion is  so  great  that  it  has  seemed  best  to  us  to  omit  the  value 
obtained  from  it  until  further  study  of  the  star's  spectrum  has 
enabled  us  to  form  more  definite  conclusions  as  to  the  relation- 
ships involved  in  the  various  lines. 


V  Orion  h 

(a  -  fai'  2'";  S  = 

+  14°  47 

;   Mag.  = 

=  4-4)- 

Plate 

Date 

G.  M.T. 

Taken 
by 

Velocity 

No.  of  Lines 

Velocity 

F. 

A. 

F.            A. 

Mean 

A  393 
IB  173 

187 

1903, Jan. 22 
Oct.  3 1 

Nov.  1 4 

20"  23™ 
23  32 
21    31 

F. 
F. 
A. 

km 
+82 
+20 
+  " 

km 
+80 
+23 
+  13 

2             4 
6           5 
5           S 

+81 
+21 
+  12 

The  first  plate,  taken  with  three  prisms  and  camera  A,  had 
such  broad  and  hazy  lines  that  it  was  laid  aside  without  measure- 
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ment.  The  second  plate,  however,  indicated  so  different  a  radial 
velocity  that  an  attempt  was  made  to  measure  the  first,  with  the 
above  result,  which  is  only  very  rough.  On  the  second  plate 
measures  were  made  on  the  carbon  line  at  X4267  and  Mg  \4481, 
in  addition  to  //V  and  three  helium  lines. 

iS  Aqtiiiae  (a.  =  ig*"  2'";   5  =  +  10^  55  ' ;  Mag.  =  5.1). 


Velocity 

No.  of  Lines 

Plate 

Date 

G  M.  T. 

Taken 

by 

K. 

A. 

F. 

A. 

Mean 

km 

km 

km 

IB  46 

1903, June  13 

iS'Mo"' 

A. 

+  15 

+  10 

3 

3 

+  12 

52 

July  4 

18  37 

F. 

-17 

-25 

3 

3 

—  21 

68 

Sept.  s 

14  12 

A. 

-28 

4 

-28 

77 

Sept.  12 

14  28 

A. 

—   7 

-  3 

4 

6 

-  5 

W'e  have  found  the  lines  in  this  star  difficult  to  set  upon,  and 
the  difference  in  the  values  obtained  by  the  two  observers  is 
unusually  large. 

2  Lncertae  (a  =  22''  17"';  S  =  +46°  2  ' ;  Mag.  =  4.8). 


Velocity 

No.  of  Lines 

Plate 

Date 

G.  M.  T. 

Taken 
by 

Velocity 

Mean 

F. 

A. 

F. 

A. 

km 

km 

IB   64 

1903,  Aug.  8 

I7"56"> 

F. 

-    82 

-    89 

4 

4 

-    86 

1l\ 

Sept.  S 

17  43 

A. 

—    !9 

—    13 

4 

5 

-    16) 

71  1 

Second  Component 

-199 

—  171 

3 

3 

-1S55 

88 

1903,  Sept.  25 

13  27 

F. 

+      I      1    +      I 

4 

4 

f      1 

The  spectrum  on  the  first  plate  is  much  fainter  than  on  the 
other  two,  but  on  re-examination  it  gave  indications  of  the  pres- 
ence of  lines  due  to  a  second  luminous  component,  which  were 
measurable  on  the  second  plate.  These  additional  lines  cannot 
be  seen  on  Plate  88. 


6  Lacerlae  (o  =  22'' 

26"';  i- 

=  +42^  37';  Mag 

=  4.6) 

Plate 

liate 

G.  M.  T. 

Taken 
by 

Velocity 

No.  of  Lines 

Velocity 

F. 

A. 

F. 

A. 

Mean 

IB   50 
65 

83 

1903, June  26 
Aug.    8 
Sept. :  8 

ig"  45"" 
18   47 
18      6 

F. 
F. 
A. 

km 
-23 

—  14 

-  6 

km 

-24 

-14 

0 

4 
4 
3 

3 
4 
4 

km 

—  24 
-14 

-  3 
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In  this  spectrum  the  silicon  lines  appear  in  addition  to  those 
of  hydrogen  and  helium,  but  settings  could  be  made  on  only 
one  of  these.     All  the  plates  are  rated  as  good. 


I  Hev.  Cassiofeiae  (a  —  2-^  25"";  5  =  -|-5S°  0';  Mag.=;4.S 


Velocity 

No. 

of  Lines 

Plate 

Date 

G.  M.  T. 

Taken 

by 

F. 

A. 

F. 

1      A. 

.Mean 

km 

km 

km 

IB  151 

1903,  Oct.    24 

15"  48-" 

A. 

-58 

-75 

5 

!    5 

-66 

168 

Oct.    30 

21    07 

A. 

-60 

1    3 

-60 

l6q 

Oct.    31 

15    27 

F. 

-75 

-6s 

4 

4 

-70 

177 

Nov.     7 

16   52 

•I*- 

+  3 

-    6 

3 

3 

—    2 

Plate  168  was  obtained  through  clouds  and  is  underexposed. 
The  lines  in  the  spectrum  are  ver\'  broad  and  diffuse,  and  are 
perhaps  complicated  by  maxima. 

AN    ORION    STAR    WITH    A    GREAT    RADIAL    VELOCITY. 

Five  spectrograms  have  yielded  the  following  values  for  the 
velocity  of  the  star  : 

i  Persei  (a  =  z^  Sl"'\  5  =  +  3S°  3°';  Mag.  =  4.1). 


Plate 

Date 

G.  M.  T. 

Taken 
by 

Meas- 
ured by 

No.  of 
Lines 

Velocity 

km 

IB     93 

1903,  Sept.  25 

18"  27"" 

F. 

A. 

2 

+88 

lOI 

Sept.  26 

20   38 

A. 

A. 

3 

89 

119 

Oct.     16 

19   20 

A. 

A. 

2 

80 

141 

Oct.    23 

18    41 

F. 

A. 

2 

80 

160 

Oct.    24 

23    17 

A. 

A. 

2 

88 

Mean     +85 

The  spectrum  of  this  star  is  excessively  difficult  of  accurate 
measurement,  owing  to  the  breadth,  and  still  more  to  the 
extremely  ill-defined  character  of  its  lines.  Consequently  we 
do  not  regard  the  above  range  of  9  km  in  the  measures  as  a 
real  variation.  Observations  covering  a  longer  interval  may, 
however,  show  the  star  to  be  a  spectroscopic  binary,  and,  in  view 
of  the  very  low  radial  velocities  which  seem  in  general  to  be 
characteristic  of  stars  having  the  Ono?i  type  of  spectrum,  a  result 
of  this  nature  is,  in  fact,  rather  to  be  expected. 
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bkictHT-line  spectra. 

Recent  plates  wliich  we  have  obtained  of  the  following  stars 
of  the  Orion  class  show  them  to  contain  bright  lines : 

c  Persei,    0  =  4''  i"';  5  =  +  47°  27';  Mag.  =  4.3.     3  plates  by  F. 
25    Orionis,         5    20  +1       45  4.6.     2  plates  by  F.  and  A. 

;3  Piscmin,      22    jg  +3       17  4.6.     4  plates  by  F. 

As  is  characteristic  of  the  stars  with  this  peculiar  variety  of 
the  Orion  type  spectrum,  the  hydrogen  lines  have  a  double  bright 
component,  which  is  superposed  about  centrally  on  the  broader 
dark  line  or  band.  Bright  ///3  is  especially  conspicuous  on  the 
plates,  partly  from  its  intrinsic  intensity,  and  partly  because  of 
the  weakness  of  the  continuous  spectrum  at  that  region  on  our 
plates.  Bright  //S  is  only  faintly  visible  on  the  broad  absorption 
line,  following  the  usual  decline  in  intensity  of  such  bright  lines 
as  the  violet  is  approached.  The  helium  lines  at  \4388  and  4472 
and  Mg  4481  are  dark,  but  are  dim  and  diffuse  in  each  star. 
The  separation  of  the  components  of  the  bright  hydrogen  lines 
is  least  for  B  Pisciutn,  and  is  very  wide  for  25  Orionis. 

Eight  plates  of  c  Persei  were  used  in  the  Draper  Catalogue,  and 
the  spectrum  was  classed  as  A.  Five  each  were  included  for  25 
Orionis  and  /3  Piscium,  which  were  respectively  assigned  to  classes 
B  and  A.  The  exposure  times  were  probably  not  suited  to  bring 
out  the  peculiarities  of  the  spectra.  These  stars  were  not  included 
among  those  studied  by  Miss  Maury  and  by  Miss  Cannon  in  Vol. 
28  of  the  Harvard  Atmals. 

The  determination  of  the  true  radial  velocity  is  very  difficult 
for  such  spectra,  but,  as  far  as  we  have  yet  measured  the  plates, 
we  have  not  obtained  certain  evidence  of  a  variation  of  the  radial 
velocities  of  these  three  stars. 

Yerkes  Observatory, 
November  15,  1903. 


FURTHER    OBSERVATIONS    ON    THE   SPECTRUM    OF 
THE   SPONTANEOUS   LUMINOUS    RADIATION    OF 
RADIUM  AT  ORDINARY  TEMPERATURES.' 
By  Sir  William  H  u  g  g  i  n  s  and  Lady  H  l  g  g  i  n  s. 

L\  the  plate  accompanying  our  paper  on  the  spectrum  of  the 
glow  of  radium  bromide,^  at  least  seven  lines  are  seen  to  agree, 
both  in  position  and  in  intensity,  with  corresponding  lines  in  the 
band  spectrum  of  nitrogen.  We  called  attention  to  other  lines, 
of  which  some  traces  may  pe  detected  on  the  plate,  and  we 
suggested  that  with  a  longer  exposure  a  more  complete  spectrum 
would  be  obtained.  One  strong  line  in  the  radium  bromide  glow 
spectrum,  about  ^3914,  has  no  similar  line  corresponding  to  it 
in  the  band  spectrum  of  nitrogen  as  given  on  the  plate. 

We  have  since  taken  photographs,  with  longer  exposures,  of 
two  specimens  of  radium  bromide,  one  prepared  by  Buchler  & 
Co.,  and  the  other  received  from  the  Societe  Centrale  de  Produits 
Chimiques.  In  these  photographs  lines  only  faintly  glimpsed  in 
our  earlier  photographs  can  be  seen  distinctly.  A  photograph 
taken  of  the  French  radium  bromide  with  an  exposure  of  216 
hours  is  reproduced  on  the  accompanying  plate. 

The  coincidence  of  the  spectrum  with  the  band  spectrum  of 
nitrogen  is  shown  to  be  even  more  complete  by  the  presence  of 
a  faint  trace  of  the  next  more  refrangible  band,  beginning  at 
X  2976.7.  In  addition,  some  of  the  fainter  single  lines  of  the 
nitrogen  spectrum  now  come  out  in  the  radium  bromide  spectrum. 

At  the  same  time  that  the  coincidence  down  to  minuter 
details  with  the  nitrogen  band  spectrum  is  brought  out,  the 
strong  outstanding  line,  about  X3914,  is  now  seen  to  be  accom- 
panied by  a  second,  but  less  intense,  outstanding  line  at  about 
X4280;  neither  of  which  is  present  in  the  ordinary  band 
spectrum  of  nitrogen,  which  was  the  one  reproduced  on  the 
plate  of  our  first  paper. 

'From  advance  proofs  of  a  paper  communicated  to  the  Royal  Society,  October  29, 
1903. 

'.'Vstrophysical  Journal,  18,  151,  IQ03;  Proc.  A'.  S.,  72,  196,  1903. 
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ox  THE  SPECTRUM  OF  RADIUM  39 1 

This  nitrogen  band  spectrum  is  the  one  distinguished  by 
Deslandres  as  that  of  the  positive  pole,  but  it  appears  at  all 
parts  of  a  vacuum  tube,  and  is  also  produced  when  a  suitable 
induction  coil  discharge,  without  capacity,  is  taken  across  air  at 
the  ordinary  density.  The  nitrogen  spectrum  that  was  measured 
by  Ames  was  taken  by  using  an  end-on  vacuum  tube  closed  with 
a  quartz  plate ;  in  his  list  no  lines  are  given  at  the  places  of  the 
two  outstanding  lines  in  the  glow  spectrum. 

When,  however,  the  spectrum  is  taken  of  the  aureole  about 
the  negative  pole  of  a  vacuum  tube  containing  a  residuum  of 
atmospheric  air,  the  ordinary,  or  positive-pole  spectrum  becomes 
enriched  by  a  new  spectrum  of  bands ;  and  in  this  additional 
spectrum  the  heads  of  the  two  strongest  bands  in  the  photo- 
graphic region,  occur  at  the  positions  of  the  two  outstanding 
lines  of  the  radium  glow  spectrum.'  On  the  plate  are  given, 
below  the  more  complete  radium  spectrum  now  obtained,  the 
ordinary  band  spectrum  of  nitrogen,  and  also  the  same  spectrum 
enriched  with  the  bands  peculiar  to  the  aureole  of  the  negative 
pole.  This  latter  spectrum  corresponds  to  that  of  the  radium 
glow.  The  peculiar  conditions,  whatever  they  may  be,  which 
determine  the  presence  of  these  additional  negative-pole  bands 
must  find  their  counterpart  in  the  nitrogen  molecules  when 
under  stimulation  by  the  radium  bromide.  The  additional 
bands  which  show  themselves  in  the  spectrum  of  nitrogen  when 
taken  from  the  glow  at  the  negative  pole  of  a  vacuum  tube  are 
usually  believed  to  be  associated  with  the  stimulation  of  the  very 
rapidly  moving  corpuscles  of  the  cathode  stream.  Accordingly 
the  presence  of  these  negative-pole  bands  in  the  spectrum  of 
nitrogen  when  excited  by  radium  naturally  suggests  whether  the 
8  rays,  which  are  analogous  to  the  cathode  corpuscles,  may  not 

■  Deslandres's  measures,  reduced  to  Rowland's  scale,  of  the  heads  of  these  two 
bands  are  X  3914.4  and  4279.6  {Thises,  1888,  Gauthier-Vii.lars,  and  Comptes 
Ren  Jus,  loi,  1256).  Angstrom  and  TnAi.ENgive  4281.6  for  the  less  refrangible  band 
(Aova  Acta  Upsal.  (3),  g,  1875).  Hasselberg's  measure  for  the  head  of  the  less  refran- 
gible band  is  4378.6  (Mem.  de  rAcaU.  Si.  Petersb.,  32,  No.  15).  Percival  Lewis  on 
"Some  New  F^luorescence  and  Afterglow  Phenomena  in  Vacuum  Tubes  Containing 
Nitrogen"  (Astrophysicai.  Journal,  12,  8)  found  fluorescent  nitrogen  to  give  a 
band  spectrum ;  and,  in  some  conditions  of  the  fluorescence,  the  most  intense  bands 
were  those  of  wave-lengths  3576.9  and  3371.2. 
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be  mainl)-  operative  in  exciting  the  radium  glow.  On  this 
surmise  it  would  be  reasonable  to  expect  some  little  extension 
of  the  glow  outside  the  radium  itself.  We  are  unable  to  detect 
any  halo  of  luminosity  outside  the  limit  of  the  solid  radium 
bromide;  the  glow  appears  to  end  with  sudden  abruptness  at  the 
boundary  surface  of  the  radium.  It  may  be  that  it  is  only  at 
molecular  distances,  and  at  the  moment  of  their  formation,  that 
the  rays  can  excite  the  nitrogen  molecules. 

As  the  glow  spectrum  is  produced  by  the  influence  of  the 
radium  on  nitrogen  at  the  atmospheric  pressure,  it  seemed  to  be 
of  interest  to  find  out  whether  the  negative-pole  spectrum  could 
be  obtained  in  air  at  the  ordinary  pressure.  It  has  already  been 
stated  that  when  a  suitable  discharge  of  an  induction  coil,  with- 
out capacity  in  the  circuit,  is  taken  between  electrodes  in  air,  the 
ordinary  band  spectrum  of  nitrogen  appears.  Separate  photo- 
graphs, therefore,  were  taken  of  the  parts  of  the  discharge  in  the 
close  neighborhood  of  the  two  electrodes,  which  were  about  three- 
eighths  of  an  inch  apart.  The  bands  peculiar  to  the  negative- 
pole  of  a  vacuum  tube  were  found  upon  the  plate  taken  of  the 
negative  electrode. 

As  the  radium  glow  consists  of  light  from  nitrogen  molecules 
stimulated  into  luminosity  by  the  presence  of  the  more  active 
radium  molecules,  it  was  reasonable  to  suppose  that  the  bromine 
molecules,  chemically  associated  with  the  latter,  might  also  be 
sufficiently  stimulated  to  reveal  their  presence  by  the  lines  in  the 
spectrum,  peculiar  to  them.  Photographs  were  accordingly  taken 
of  the  poles  of  a  vacuum  tube  containing  traces  of  atmospheric 
air  together  with  bromine  vapor.  The  band  spectrum  of  nitrogen 
appeared  alone  upon  the  plates  when  no  capacity  was  introduced  ; 
but  with  the  intercalation  of  a  jar,  the  lines  of  bromine  came  out 
in  the  photopraphs,  in  addition  to  the  lines  of  air.  The  ex[)cri- 
ment  was  then  repeated  at  atmospheric  pressure  by  enclosing 
platinum  electrodes  in  a  glass  bulb  communicating  with  the 
atmosphere  by  a  narrow  tube.  Photographs  of  the  coil  discharge 
taken  between  them  revealed  the  ordinary  band  spectrum  of 
nitrogen.  A  few  drops  of  bromine  were  then  introduced  into  the 
bulb,   filling   it   with   bromine   vapor.       Photographs   were   again 
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taken  of  the  discharge  in  the  air  now  heavily  laden  with  bromine, 
but  the  spectrum  remained  precisely  the  same  as  before  the  bro- 
mine was  introduced,  namely,  that  of  nitrogen  only. 

We  find  in  this  experiment  possibly  a  sufficient  reason  for  the 
absence  of  any  of  the  lines  of  bromine' in  the  glow  spectrum:  it 
may  be  that  stimulation  from  the  active  radium  molecules  affects 
preferentially  the  nitrogen  molecule,  so  that  this  molecule  can  be 
shaken  into  luminosity  by  a  stimulation  which  is  insufficient  to 
excite  the  bromine  molecule  to  a  comparable  extent. 

The  experiment  then  suggested  itself  whether,  under  similar 
conditions  of  discharge,  radium  itself,  when  placed  upon  the 
electrodes,  would  be  able  to  show  its  presence  by  its  character- 
istic lines  in  the  spectrum  of  the  discharge  taken  between  them. 
The  result  was  negative;  as  in  the  case  of  bromine,  no  lines  other 
than  those  of  nitrogen  appearing  upon  the  plate.  A  small  jar 
was  then  put  into  the  circuit  and  another  photograph  taken,  when 
the  complete  spectrum  of  radium  came  out  strongly,  but  with- 
out the  band  spectrum  of  nitrogen. 

If,  as  suggested  b}'  Rutherford,  the  a  rays  are  connected  with 
helium,  the  experiment  seemed  worth  making  of  taking  a  photo- 
graph of  the  spectrum  arising  from  their  bombardment  upon  a 
zinc  sulphide  screen.  It  seemed  possible,  though  not  very  prob- 
able, that  the  encounters  of  these  bodies,  at  the  enormous  speed 
at  which  they  travel,  with  the  molecules  of  air,  and  their  final 
collision  with  the  screen,  might  on  that  hypothesis  give  rise  to 
some  of  the  radiations  peculiar  to  helium  and  so  produce  its 
spectrum  on  the  plate.  Fortunately  the  strong  continuous  spec- 
trum due  to  the  fluorescence  of  the  screen  ends  abruptly  in  the 
violet  a  little  before  the  place,  at  \  3889,  of  the  strongest  line  of 
helium  in  the  photographic  region,  and  so  leaves  the  spectrum 
quite  free  for  the  detection  of  this  line,  even  if  it  were  only  faintly 
present.  The  result  of  the  experiment,  so  far  as  concerns  helium, 
was  negative ;  which  must  not  of  course  be  interpreted  as  exclud- 
ing the  presence  of  helium,  but  only  as  showing  that,  if  present, 
the  conditions  are  not  favorable  to  the  appearance  of  its  spec- 
trum.' 

'M.  Henri  Bkcqukrel  has  quite  recently  investigated  the  scintillation  observed 
on  a  phosphorescent  screen  when  excited  by  radium,     lie  comes  to  the  conclusion: 
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On  the  first  photograph  that  was  taken,  the  two  strongest 
lines  of  the  nitrogen  band  spectrum  were  faintly  seen,  but  a 
photograph  with  a  new  screen  and  a  longer  exposure  showed  no 
trace  of  the  nitrogen  bands.  In  the  first  case  it  might  be  that 
some  very  minute  particles  of  radium  bromide  had  attached  them- 
selves to  the  screen,  and  by  their  independent  glow  had  given 
rise  to  the  lines  of  nitrogen  which  were  on  the  photographic 
plate. 

About  one  centigram  of  French  radium  bromide,  which  was 
in  the  form  of  small  particles,  was  put  into  a  very  small  glass 
tube  scarcely  larger  than  was  necessary  to  contain  it.  The  tube 
was  securely  closed  and  left  for  two  months.  As  the  a  rays 
being  unable  to  escape,  would  probably  occupy  the  interstices 
between  the  radium  bromide  particles,  it  seemed  desirable  to 
examine  whether  as  helium,  or  still  in  some  precedent  condition, 
they  would  show  their  presence  in  the  glow  spectrum.  The  tube 
was  exposed,  immediately  in  front  of  the  slit,  for  i68  hours. 
The  spectrum  shows  a  strong  continuous  spectrum  from  the 
fluorescence  of  the  glass,  and  faintly  the  bands  of  nitrogen,  but 
no  other  lines  with  certainty.  We  intend  to  photograph  again 
the  spectrum  of  the  glow  from  this  tube,  after  a  longer  time  has 
passed  for  an  accumulation  of  the  a  rays,  and  of  the  gas-like 
emanation. 

When  the  radium  bromide  is  covered  with  a  plate  of  quartz, 
the  continuous  spectrum,  due  to  the  fluorescence  of  the  quartz, 
is  not  only  strong,  but  extends  a  long  way  into  the  ultra-violet. 
It  can  be  traced  on  the  photograph  as  far  as  X2500. 

After  a  few  hours  the  quartz  darkens  under  the  action  of  the 
radium  bromide,  the  brown  stain  extending  through  the  complete 
substance  of  a  plate  one-tenth  of  an  inch  in  thickness.  The 
stain  is  due  probably  to  the  reduction  of  silicon. 

Experiments  were  made  in  the  hope  of  throwing  light  upon 
the  shift  found  in  the  photograph  of  the  radium  glow  spectrum^ 

(l)  "Ce  sont  les  rayons  o  qui  provoquent  la  phosphorescence  scintillaiite; "  (2) 
"  Ces  fails  dtablissent  sinon  une  df-monstration,  du  nioins  une  grande  prdsomption  en 
faveur  de  I'hypothtse  qui  attribuerait  la  scintillation  a  des  clivages  provoqu(!s  irrdgu- 
li^rement  sur  I'dcran  cristallin  par  raction  continue  plus  ou  moins  prolongde  des 
rayons  o."     Comples  Rendus,  137,  633,  634 ;  October  27,  1903. 
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reproduced  on  the  plate  of  our  first  paper.  As  subsequent  pho- 
tographs of  this  spectrum  were  entirely  free  from  any  trace  of 
shift,  the  shift  found  on  the  first  plate  must  have  been  accidental. 
Repeated  photographs,  taken  with  the  spectroscope  in  different 
positions,  failed  to  show  the  smallest  trace  of  shift  from  flexure. 
The  only  suggestion  we  can  make  in  explanation  is  that  the  piece 
of  solid  radium  bromide  accidentally  shifted  in  its  cell,  so  as  no 
longer  to  be  directly  under  the  slit,  and  in  consequence  the  col- 
limator lens  was  not  wholly  filled  with  light. 

The  results  of  the  experiments  described  in  this  paper  would 
appear  to  show  generally,  if  analogy  with  electric  stimulation 
may  be  assumed,  that  the  radium  stimulation,  whether  we  take 
the  operative  cause  to  lie  in  the  /3  rays,  or  in  the  encounters  of 
nitrogen  molecules  with  the  active  molecules  of  radium  —  by 
which,  for  the  first  time,  a  spectrum  of  bright  bands  in  the 
ultra-violet  region  has  been  obtained  at  ordinary  temperatures, 
and  without  the  intervention  of  an  electric  discharge — from  the 
very  circumstance  of  its  being  of  such  a  nature  as  to  give  rise 
to  the  band  spectrum  of  nitrogen,  is  not  of  a  kind  which  can  elicit 
from  either  the  molecules  of  bromine,  or  of  radium  their  char- 
acteristic line  spectra. 

The  question  suggests  itself  whether  or  not  the  same  inability 
may  hold  in  respect  of  the  helium  molecule,  which  is  easily 
stimulated  by  an  electric  discharge;  we  have  not  as  yet  made 
experiments  on  this  point. 


Reviews 

Lehrbitch  dcr  Pliysik.  V'on  O.  D.  Chwolsox.  Bd.  I,  pp.  791. 
Translated  from  the  Russian  into  the  German  by  H.  Pflaum. 
Braunschweig:    Vievveg,  1902. 

The  appearance  of  a  new  compendium  of  physics,  filling  no  fewer 
than  four  octavo  volumes,  is  certain  to  make  one  curious  as  to  the 
features  which  distinguish  it  frop  other  treatments  of  a  similar  nature. 
And  since  in  this  particular  case,  alas !  no  similar  treatment  exists  in  the 
English  language,  we  are  driven  to  the  larger  German  treatises,  such  as 
Wiillner  and  Miiller-Pouillet,  for  a  basis  of  comparison.  For,  while  the 
Text-book  of  Physics  by  Poynting  and  Thomson  may  well  be  reckoned 
in  this  class,  and  while,  in  a  very  true  sense,  it  will  cover  the  entire 
field  of  physics,  it  is  nevertheless  largely  devoted  to  the  discussion 
of  discrete  problems,  and  begins  by  omitting  the  entire  subject  of 
dynamics. 

As  compared  with  Wiillner's  Lehrbuch,  which  may  perhaps  be  taken 
as  a  typical,  connected  discussion  of  the  whole  subject,  the  most  striking 
contrasts  are  perhaps  the  following: 

1.  Chwolson  gives  a  much  more  elaborate  philosophical  introduc- 
tion, devoting  more  than  fifty  pages  to  questions  such  as  the  classifica- 
tion of  the  sciences,  the  distinction  between  theoretical,  mathematical, 
and  experimental  physics,  the  characteristics  of  a  good  hypothesis,  etc. 
The  author  has  evidently  a  keen  appreciation  of  the  unity  of  his 
science,  for  this  same  philosophical  vein  runs  through  the  entire 
volume.  To  illustrate,  the  spectrometer,  essentially  an  instrument  for 
measuring  angles,  and  usually  handled  under  the  head  of  optics,  here 
finds  discussion  in  a  chapter  on  "Measuring  Instruments,"  where  it 
logically  belongs. 

2.  As  compared  witli  Wiillner  or  with  Violle's  Cours  de  Physique, 
the  volume  under  review  contains  much  more  elaborate  references  to 
the  literature  of  each  topic.  These  valuable  bibliographies  are  placed 
at  the  end  of  each  chapter,  and  are  there  grouped  under  the  headings 
of  the  sections,  so  that  really  each  section  is  provided  with  its  own 
bibliography.  The  amount  of  Russian  work  here  cited  will  be  sur- 
prisingly large   to  those  who  still   imagine  that  the  energies  of  this 
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great  nation  are  exclusively  devoted  to  the  arts  of  war  and  to  the  care 
of  Siberian  exiles. 

3.  The  mathematical  discussion  is  the  very  simplest — too  simple, 
we  venture  to  think.  Differential  equations,  even  the  most  elementary, 
are  studiously  avoided.  In  America,  certainly  no  student  would  be 
reading  so  advanced  a  treatment  of  general  physics  without  the  prepa- 
ration to  enjoy  more  elegant  mathematical  methods.  As  illustration 
may  be  cited  the  derivation  —  or  rather  the  lack  of  derivation  —  of  the 
equations  for  damped  vibrations,  p.  156. 

4.  Most  American  readers  will  probably  agree  that  some  of  the 
chapters  are  too  full.  For  example,  the  ninth  chapter  devotes  twelve 
octavo  pages  to  the  "dimensions"  of  physical  quantities.  Is  it  not 
easily  possible  to  put  all  the  essentials  of  this  subject  into  one  quarter 
of  this  space? 

Your  reviewer  is  not  alone  in  thinking  that  a  great  service  would  be 
rendered  English-speaking  students  by  any  competent  physicist  who 
will  give  them  a  treatise  on  general  physics,  along  the  lines  of  Chwol- 
son — a  treatise  which  will  fill  the  great  gap  lying  between  the  college 
and  university  text-books,  on  one  hand,  and  the  great  compendium  of 
Winkelmann,  on  the  other  hand. 

H.  C. 


A   Popular  History  of  Astro?iomy  Durim;  the    Nineteenth    Century. 

Fourth  edition.      By  Agxes  M.  Clerke.      London  :  A.  &.  C. 

Black,  1902.  Pp.  489. 
With  the  fourth  edition  Miss  Clerke  brings  her  well-known  history 
down  to  the  summer  of  1901.  As  with  previous  new  editions,  fresh 
material  has  been  wisely  chosen  and  skilfully  woven  into  the  text,  so 
that  neither  its  value  as  a  book  of  reference  nor  its  literary  charm  has 
been  impaired.  With  great  wealth  of  material  to  be  sifted,  it  is  really 
remarkable  that  so  little  that  is  questionable  has  been  incorporated  and 
that  so  few  researches  of  significance  have  been  overlooked.  Perhaps 
the  most  important  omission  is  that  of  Nichols's  investigations  on  the 
heat-radiation  of  the  stars,  which  were  made  during  the  summers  of 
1898  and  1900.  One  has  the  impression  also  that  German  astronomers 
do  not  receive  their  full  share  of  attention.  At  any  rate,  the  great  pre- 
ponderance of  English  over  German  references  seems  disproportionate 
to  the  relative  merits  of  German  and  English  investigators.  Of  a  short 
list  of  errors,  typographical  and  otherwise,  in  the  third  edition,  called 
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to  the  reviewer's  attention  by  Dr.  Schlesinger,  the  greater  part  have 
been  corrected  in  the  fourth  edition.  Among  those  that  remain  might 
be  mentioned  that  of  the  parallax  of  6i  Cygni,  which  is  still  given  as 
between  o.'43  and  of 47,  although  more  recent  determinations  by  Davis, 
Kapteyn,  Wilsing,  and  others  make  it  practically  certain  that  the  aver- 
age parallax  of  the  two  components  is  less  than  of 40.  There  is  still 
an  error  in  correcting  the  series  contained  in  footnote  5  on  page  7  i  — 
the  first  member  being  ij^,  instead  of  J^  as  given. 

The  illustrations  are  much  improved  in  quality  and  are  supple- 
mented by  a  half-tone  of  the  comet  of  May  1901,  reproduced  from  a 
photograph  taken  at  the  Cape  of  Good  Hope.  To  Table  IV  has  been 
added  a  list  of  radial  and  tangential  velocities  of  selected  stars. 

S.  B.  Barrett. 
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